Studies of Helium Based Gas Mixtures Using a Small Cell Drift Chamber by Heise, Jaret & U., /British Columbia
SLAC-R-830 
 
 
 
 
 
 
Studies of Helium Based Gas Mixtures Using a Small  
 
Cell Drift Chamber 
 
 
 
 
Jaret Heise 
 
 
 
 
 
 
 
SLAC-R-830 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Prepared for the Department of Energy 
under contract number DE-AC02-76SF00515 
Printed in the United States of America. Available from the National Technical Information 
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA  22161. 
  
 
 
 
 
This document, and the material and data contained therein, was developed under sponsorship of the United States 
Government.  Neither the United States nor the Department of Energy, nor the Leland Stanford Junior University, 
nor their employees, nor their respective contractors, subcontractors, or their employees, makes an warranty, 
express or implied, or assumes any liability of responsibility for accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents that its use will not infringe privately owned 
rights.  Mention of any product, its manufacturer, or suppliers shall not, nor is it intended to, imply approval, 
disapproval, or fitness of any particular use.  A royalty-free, nonexclusive right to use and disseminate same of 
whatsoever, is expressly reserved to the United States and the University. 
    	
      
       
 
 		 		  
 

 ﬀﬁ
 ﬂﬃ ﬂ !"#$ %"ﬀ&ﬁﬀ !' ﬃﬁ()*" $ +,,-
. /01232 24563//17 38 9.:/3.; <4;<3;;618/ =<
/01 :1>43:1618/2 <=: /01 71?:11 =<
@
.2/1: =< AB318B1
ﬀ"
/01 <.B4;/C =< ?:.74./1 2/47312
719.:/618/ =< 90C23B2
DE FGGEHI IJKL IJELKL FL GMNOMPQ KNR
IM IJE PESTKPEU LIFNUFPU
V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V
V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V
V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V V
WXY Z[\]Y^_\W` ab c^\W\_X daeZfc\g
hFPGJ ijjk
G
l m
FPEI nEKLE o ijjk
 N HPELENIKNR IJKL IJELKL KN HFPIKF  OT  QENI MO IJE PESTKPEQ ENIL OMP FN FUFNGEU UERPEE
FI IJE NKEPLKI MO  PKIKLJ M TQ KF o   FRPEE IJFI IJE 	 KPFP LJF  QF
E KI OPEE 
FFKFE OMP PEOEPENGE FNU LITU   OTPIJEP FRPEE IJFI H EPQ KLLKMN OMP E IENLKE GMH KNR
MO IJKL IJELKL OMP LGJM FP HTPH MLEL Q F  E RPFNIEU  IJE JEFU MO Q UEHFPIQ ENI MP 
JKL MP JEP PEHPELENIFIKEL   I KL TNUEPLIM MU IJFI GMH KNR MP HTKGFIKMN MO IJKL IJELKL OMP
NFNGKF  RFKN LJF NMI  E F MEU  KIJMTI Q  PKIIEN HEPQ KLLKMN 
 EHFPIQ ENI MO JLKGL
JE NKEPLKI MO  PKIKLJ M TQ KF
k  RPKGT ITPF  MFU
FNGMTEP o  o FNFUF
 k i i
 FIE 
 
N KNIEPNFIKMNF  GM FMPFIKMN KL GTPPENI MP
 KNR MN IJE GMNLIPTGIKMN FNU UELKRN MO
FN FLQQEIPKG  FGIMP FI IJE IFNOMPU 	 KNEFP  GGEEPFIMP ENIEP IJFI  K  E PEFU
IM GM EGI UFIF KN ijjj  JE Q FKN HJLKGL Q MIKFIKMN OMP LTGJ F OFGKKI KL IM IELI IJE
UELGPKHIKMN FNU QEGJFNKLQ MO 	 
  KM FIKMN KN IJE IFNUFPU hMUE  MO HFPIKG E HJLKGL
FNU HPM KUE KNLKRJI KNIM IJE STELIKMN MO J QMPE QFIIEP IJFN FNIKQ FIIEP KL MLEPEU
KN IJE TNKEPLE IMUF  N HFPIKGT FP o IJ KL EH EPKQ ENI  K QEFLTPE 	 
  KM FIKMN KN IJE
UEGF MO  QELMNL 
 N IJE EFP LIFREL MO IJKL EMPI o IJE FNFUKFN GMNIKNRENI HPMHMLEU IM TKU IJE
GENIPF IPFG
 KNR GJFQ EP OMP IJE  UEIEGIMP   PELENI o F HPMIMIHE UPKOI GJFQ EP
KL KN MH EPFIKMN FNU LITUKEL FPE  EKNR HEPOMPQ EU IM IELI LMQ E MO IJE TNKSTE OEFITPEL MO
UPKOI GJFQ EP UELKRN UKGIFIEU  IJE GMNUKIKMNL MO IJE EHEPKQ ENI   LKNR GMLQ KG QTMNL o
KI KL HMLLKE IM LITU IPFG
 KNR FNU HFIIEPN PEGMRNKIKMN KN IJE HPMIMIH E GJFQ EP o FNU
IJEPEOMPE GF GT FIE IJE E GKENG FNU LHFIKF  PELM TIKMN MO IJE HPMIMIH E GJFQ EP GE L 
JELE H EPOMPQ FNGE OEFITPEL  K  E TLEU IM IELI JEIJEP MP NMI IJE JEKTQ FLEU RFL
Q KITPEL HPMHMLEU OMP IJE  UPKOI GJFQ EP FPE F  KFE F IEPNFIKE IM IJE QMPE
IPFUKIKMNF  FPRMNFLEU RFLEL 
KK
    
	

 
 	
  	  

	
   	 

	  
 ﬀﬁﬂ ﬃﬁ
	  
 !
ﬁ
ﬃ
ﬁ
 
i i FPMN  LQQEIP                              
i i i FPMN "TQ EP  KM FIKMN                      
i i  	 
  KM FIKMN                             #
i i # JEPQ MUNFQ KG $STKKPKTQ                     
i i  TQQFP                               
i  	 
  KM FIKMN FI IJE 	  FGIMP                    %
& '( )

ﬁ *
 i  NIPMUTGIKMN                                  k
 i i  KM FIKMN MO FPKI                          k
 i   KM FIKMN MO JFPRE MN+TRFIKMN                  ,
 i # 	 
 QQEIP-                            j
KKK
  	 
  KM FIKMN KN IJE " ETIPF    FMN LIEQ                 j
 # 	 
  KM FIKMN KN IJE IFNUFPU hMUE                     i
  	 
  KM FIKMN KN IJE  hELMN LIEQ                    ij
  i JE JLKGF   hELMNL                       
    KQ E $M TIKMN MO IJE JLKGF  IFIE                
  #  EGFL IM 	 
 $ KRENLIFIEL                      %
 %  EGF hMUEL IJFI hEFLTPE IJE NR EL MO IJE NKIFPKI PKFNR E     #
 % i JE UEGF                             # i
 %  JE UEGF 

 	 



                      #
 % # JE UEGF 


  



                       #
 %  TQQFP                               #%


 




# i  NIPMUTGIKMN                                  #,
#   hELMN  PMUTGIKMN                             #,
#  i $    IMPFRE  KNR                         #,
#      
 
PIJMRMNF KI                         #j
# #  EGMNLIPTGIKMN MO   EGF EPIKGEL                      i
#  nKRJ 	TQ KNMLKI                               #
# % hT IKH E GFIIEPKNR                              %
# k

EP KE MO IJE   EIEGIMP                       %
# k i EPIE  EIEGIMP                            %
# k   PKOI JFQ EP                            
# k # FPIKGE  UENIKGFIKMN                         j
# k  $ EGIPMQ FRNEIKG F MPKQ EIEP                     %i
# k % hTMN FNU " ETIPF nFUPMN  EIEGIMP                 %%
K
# k k hFRNEI MK                              %k
 
 

'
	 
 i  NIPMUTGIKMN                                  %j
   MNKFIKMN  EIEGIMPL                             %j
 # FL  PMH EPIKEL                                k
 # i JMKGE MO FL H E                          k
 #   PKOI E MGKI                             k%
 # # $ EGIPMN  KTLKMN                           kk
  D KPE MNRTPFIKMNL                             kj
 %  EJF KMTP MO F  PKOI JFQ EP KN F hFRNEIKG  KE U             ,

(


 



'


% i  NIPMUTGIKMN                                  ,#
%   PMIMIH E  EMQEIP                             ,#
% # FLEL                                     ,#
%  EITH                                      ,k
%  i  L                                 ,k
%    L                                 ,,
%  #  FIF M EGIKMN                            ,
* ﬀ 

ﬁ


k i  NIPMUTGIKMN                                  ,j
k   FIF M EGIKMN FNU IMPFRE                         
k # nFPUFPE  PEKQ KNFPKEL                            
k # i  F KPFIKMNL                           
k #   L                                 

k # #  


 LEIL                               %
k  ERQ ENI  KNUKNR FNU  KIIKNR                         k
k  i FIIEPN  EGMRNKIKMN                         k
k   	EOI KRJI Q KRTKIKEL                        
k  # ERQENI  KIIKNR                            j
k % PFG
  KIIKNR                                 j
k k PFG
  EIIKNR                                j
k ,  PKOI TNGIKMNL                                j
 
ﬁ 
ﬃ	 

, i  NIPMUTGIKMN                                  j,
,   LETUME GKENG                               j,
, # $ GKENG  RMPKIJQ                             j
,  NFLKL  FIF  EUTGIKMN                           ii
,  i $NIPFNGE NR E                            ii
,   D KPEL  LEU                              ii
, % $ GKENG  ELT IL                               i#
 
	
ﬁ 
ﬃ	
  &
 i  NIPMUTGIKMN                                  ii
   ELKUTF L                                   ii#
 #  KIIKNR  ELKUTF L                               ii#
   ELM TIKMN  ELT IL                              iij

'
ﬁ	ﬁ
 &
j i

HIKQTQ nKRJ M IFRE                            i
j  TITPE ITUKEL                                 i#i
 K
j # MNGTLKMN                                   i#
   
 
 ﬁﬃ   
'

ﬁ
 

 KK
 
 
 
 
 i JE IJPEE RENEPFIKMNL MO OTNUFQENIF  HFPIKGEL               i%
  JE PEEFNI UEGF KNOMPQ FIKMN FNU 	 
 HJLKGL OMP EFGJ MO IJE HPMHMLEU
UEGF L                                      #k
% #  PMH EPIKEL OMP FPKMTL RFL Q KITPEL FI FIQMLHJEPKG HPELLTPE FNU    ,k
,   ELT IL KNUKGFIKNR HLETUME GKENG FNU FEPFRE E GKENG OMP IJE OMTP
GJFQ EP RFLEL FI FPKMTL MH EPFIKNR M IFREL                 ik
 % JE FEPFRE GE PELM TIKMN OMP IJE OMTP GJFQ EP RFLEL FI FPKMTL MH EP
FIKNR M IFREL                                  i
j k  ELT IL KNUKGFIKNR IJE MHIKQTQ MHEPFIKNR JKRJ M IFRE OMP EFGJ MO IJE
OMTP RFL Q K ITPEL IELIEU KN IJE HPMIMIHE GJFQ EP             ij
 KKK
 
   


 i JE PFUKMFGIKE  UEGF MO M  EOMPE FNU FOIEP F HFPKI IPFNLOMPQ FIKMN  
  JE FGIKMN MO IJE GJFPRE GMN+TRFIKMN LQQEIP MN IJE NETIPKNM LLIEQ  j
 # M UKFRPFQ OMP MNE HMLLKE LEGMNU MPUEP EF
 IPFNLKIKMN  EIEEN IJE

FMN FNU KIL FNIKHFPIKGE                            i
  JE LIFNUFPU HFPFQEIEPKFIKMN MO IJE TNKIFPKI IPKFNR E FL  KLTF KEU KN
IJE GMQH E H FNE                               i,
 % JE NMPQ FKEU TNKIFPKI IPKFNR E FL  KLTF KEU KN IJE GMQH E H FNE   ij
 k M UKFRPFQ OMP  QELMN L LIEQ LJM KNR JM F 

HFPIKGE GFN IPFNL
OMPQ KNIM KIL FNIKHFPIKG E                            
 ,  NIEPOEPENGE  EIEEN IJE FQH KITUE OMP UKPEGI UEGF FNU IJE FQH KITUE
OMP KNUKPEGI UEGF IJFI HPM GEEUL IJPMTRJ Q K KNR               #
  ENQFN UKFRPFQ OMP IJE UEGF                       # i
 j ENQFN UKFRPFQ OMP IJE UEGF    	 
 

               ##
 i ENQFN UKFRPFQ OMP IJE UEGF  

  
 

                #
# ii JE $     LIMPFRE PKNR OFGKKI FI 	                  #j
# i JE MPIJMRMNF KI  EIEEN IJE 

FNU 

UEGF             
# i# JE E EGIL MO JF KNR F ESTF   EFQ ENEPRKEL o FNU   TNESTF   EFQ
ENEPRKEL JEN IP KNR IM LEHFPFIE UEGF EPIKGEL               
# i JE  UEIEGIMP                              k
# i% JE LKKGMN EPIE IPFG
EP                         ,
K
# ik  KUE  KE MO IJE UPKOI GJFQ EP                        j
# i,  KUE  KE MO IJE HFPIKGE KUENIKGFIKMN LLIEQ                %
# i GJEQ FIKG MO F LKNR E STFPI FP KN IJE   UEIEGIMP KTLIPFIKNR IJE
HPKNGKH E  EJKNU  EPEN
M GMTNIEPL                      %
# ij N KTLIPFIKMN MO IJE   HFPIKG E KUENIKGFIKMN LLIEQ         %#
#  JE E EGIPMQ FRNEIKG GFMPKQ EIEP                       %
# i JE KNLIPTQ ENIEU T PEITPN                        %,
#  JE Q FRNEIKG EU KNEL MO IJE i %  QFRNEI                 %
 # GJEQ FIKG MO F UPKOI GJFQ EP GE                        k
  F GT FIEU FNU QEFLTPEU UPKOI E MGKIKEL FL F OTNGIKMN MO EEGIPKG E U
 KIJ NM QFRNEIKG E U HPELENI                         k,
 %  PKOI E M GKI L  E EGIPKG EU KNUKGFIKNR IJE KNTENGE MO NKIPMREN KQHT
PKIKEL KN FPRMN RFL                               k
 k  KTLKMN MO EEGIPMNL F  KIJ NM E EGIPKG E U HPELENI o FNU   KN IJE
HPELENGE MO FN EEGIPKG EU                          kj
 ,  KF FNU LIEPEM  KPE GMNRTPFIKMNL                     ,i
%  JE HPMIMIHE UPKOI GJFQ EP  KPEQ FH                    ,
% j JE HPMIMIHE UPKOI GJFQ EP LEITH                      ,,
k #  GJFNNE  NTQ EP L  IKQ E                         i
k # i n KLIMRPFQ MO  HT LE JEKRJI H EP JKI TLKNR nE  n 
 
  RFL FI
FN FNMUE M IFRE MO i%                           #
k # hEFLTPEU QEFN  HT LE JEKRJI L  FNMUE JKRJ M IFRE OMP IJE OMTP
RFLEL IELIEU KN IJE HPMIMIHE GJFQ EP                    
k ## E  HFIIEPN MO EURE RPMTHKNR TLEU OMP LERQ ENI PEGMRNKIKMN        ,

k # F KU HPMIMIHE LERQ ENI HFIIEPNL                       ,
k #% N KTLIPFIKMN MO EOIPKRJI FQ KRTKIKEL                    
k #k N EFQH E MO JM F LERQENI OMPQ EU  KIJ JKIL OPMQ  FEPL GFN JFE
QMPE IJFN  JKIL                                j
k #, JE UENKIKMNL MO IJE IPFG
 HFPFQ EIEPL  

FNU 

             j i
k #  PKOI OTNGIKMN OMP nE  n 
 
  RFL FI FNMUE M IFRE i%      jk
, #j n KLIMRPFQ MO IJE LKNE MO IJE ENIPFNGE FNR E OMP EFGJ JKI LJM KNR IJE
EEGI MO IJE GTI TLEU KN IJE FNF LKL                     i
,  JE HPMIMIHE  KPEL TLEU KN IJE FNF  LKL                   i#
,  i  KLIFNGE MO G MLELI FHHPMFGJ H EP JKI OMP nE  n 
 
  RFL FI i%   i
,  $ GKENG L  FNMUE JKRJ M IFRE OMP F  RFLEL IELIEU KN IJE HPMIMIHE
GJFQ EP                                     i%
, # $ GKENG L  UPKOI U KLIFNGE TLKNR nE  n 
 
  RFL FI FPKMTL JKRJ
M IFREL                                     i
,  $ GKENG L   KPE NTQ EP TLKNR nE  n 
 
  RFL FI i%      ij
, % $ GKENG L  FEP NTQ EP TLKNR nE  n 
 
  RFL FI i%      ii
, k $ GKENG  L  FEP NTQ EP OMP IJE OMTP RFL Q K ITPEL FEPFREU MEP F 
RFL PTNL                                     iii
 ,  ELKUTF L OMP EFGJ JKI KN IJE UFIF LFQH E  EOMPE IIKNR IM F FTLLKFN
UKLIPKTIKMN OMP nE  n 
 
  RFL FI i%               ii
   ELKUTF L L  IJE FLM TIE F TE MO IJE HPEUKGIEU UPKOI U KLIFNGE MIFKNEU
IJPMTRJ IJE IIKNR HPMRPFQ TLKNR nE  n 
 
  RFL FI i%     ii%
 j  ELKUTF L OMP EFGJ JKI TLKNR nE  n 
 
  RFL FI i%        iik
 % MQHFPKLMN MO I PELKUTF  UKLIPKTIKMNL JEN PERKMNL OTPIJEP IJFN i %
FNU   FPE EG TUEU TLKNR nE  n 
 
  RFL FI i%        ii,
 K
 %i MQHFPKLMN MO IJE LFQ E PELKUTF  F TEL I IM i MP  FTLLKFN UKLIPKT
IKMNL TLKNR nE  n 
 
  RFL FI i%                  ii
 % MQHFPKLMN MO IHKGF  PELKUTF F TEL OMP IJE OMTP RFLEL IELIEU KN IJE
HPMIMIHE I TLKNR F LKNR E  FTLLKFN UKLIPKTIKMN JEPE PERKMNL OTPIJEP
IJFN i % MN EKIJEP LKUE MO IJE Q EFN FPE E GTUEU              i
 %# EPFRE PELM TIKMN L  FNMUE JKRJ M IFRE OMP F  RFLEL TLEU KN IJE HPM
IMIHE GJFQ EP                                 ii
 %  ELM TIKMN L  UPKOI U KLIFNGE OMP F  RFLEL IELIEU KN IJE HPMIMIH E FI
FPKMTL FNMUE JKRJ M IFREL                          i
 %%  ELM TIKMN L  UPKOI U KLIFNGE OMP EFGJ F KF  FEP KN IJE HPMIMIH E GJFQ 
 EP TLKNR nE  n 
 
  RFL FI i%                   i%
 %k 	ELL  KFLEU PELM TIKMN L  UPKOI U KLIFNGE FEPFREU MEP F  FEPL KN IJE
HPMIMIHE GJFQ EP TLKNR nE  n 
 
  RFL FI i%          i,
j %, $ GKENG L  UPKOI U KLIFNGE FI IJE MHIKQTQ MH EPFIKNR JKRJ M IFRE OMP
EFGJ RFL                                     i#
j %  ELM TIKMN L  UPKOI U KLIFNGE FI IJE MHIKQTQ MHEPFIKNR JKRJ M IFRE OMP
EFGJ RFL                                     i#i
 KK

    

 

   	
   

       
 


 	
 


     



     	

MTR FL UFQ L
JE  ELIFTPFNI
FI IJE $NU MO IJE NKEPLE
       


      

ﬀ   

D KKFQ JF
ELH EFPE
nFQ EI FGI   o LGENE 
  	  
 

i% ,, , i#k ,%  %,, k% k%# jki i i %%% k 
,i, j i %, iik ,j #kk # i % ,k i% k# i # i jk


     	
 

 PIJTP $UUKNRIMN
JKMLMHJ MO J LKGF  GKENGE
 FNU LKRJI  OEEP FNIKHPMIMNL o H EPJFHL FL Q FN FL i MP  
 KKK
   



O IJE Q FN H EMH E IM JMQ   ME F RPEFI UEI MO IJFN
L o NMNE UELEPEL QMPE RPFIKITUE
IJFN Q LTH EP KLMP  P 
m
FNKL hG  ENNF  nEP ENEPR FNU ENIJTLKFLQ FPE ERENUFPo
FNU JEP HFIKENGE OMP GMPPEGIKNR RPFQQFP FNU MIJEP IHKNR Q KLIF
EL KL NEFP KNNKIE 
  LTHHMLE KO LJE JFUN I  EEN HPEHFPEU IM FLI OMP IJE UTPFIKMN FNU LEE Q E IJPMTRJ IM
IJE ENU MO Q UERPEE o LJE GMT U JFE FFNUMNEU QE KN  EP
E E MP LMQ E LTGJ H FGE 
JFN
L F LM RM IM JPKL DF IJFQ FNU JPKL nEFPI OMP HPM KU KNR GMQQENIL FNU
GMPPEGIKMNL 
h M GE Q FIEL KQ FRKNFP MP MIJEP KLE FI  UELEPE F MI MO GPEUKI OMP IJEKP
GMNLIFNI  	

 FNU 	
   JE KNGTUE JEPKE MMUENMTRJ o FPFJ
TNLKREP o
m
E 	FNRE o PEMP IM G
 K o  EPI+ FN nMOQ FN o hMJFQQFU   EPQ FNK FNU JEKF
hGFPFNU  D KIJMTI IJELE H EMH E o   GFN MN  FLLTQE IJFI   MT U JFE  EEN UMNE
QMNIJL LMMNEP   N FUUKIKMN o LH EGKF  IJFN
L RM IM JEPKE OMP NMI NKLJKNR JEP IJELKL
 PLI FNU Q F
 KNR Q E MM
 FU 
MP IJE KNLHKPFIKMN MO MTIJ o   JFE " KGM F
m
MNEL o  PK  ENFLFI o EIEP h KGJFT FNU
DELE DMNR IM IJFN
 

NE F MP IJE MIJEP o FPFJ F LM IL KNIM IJKL GFIERMP
DMP
 KNR FI 	 JFL  EEN F EP ENPKGJKNR EH EPKENGE o FNU FL F PELT I   JFE Q FN
HEMH E IJEPE IM IJFN
 FL E  o Q MLI NMIF IEE GJFNEP o hFP
 hGMTRF U o FNU
 F E  KIQ FN   KNGE   RMI F LJKPI MTI MO KI o   LJMT U HPMF IJFN
 hK
E DMMUL FNU
IJE PELI MO IJE 


 LMOIF  RFNR o IMM 
 MLEP IM JMQE o   JFE Q FNGMTEP PEFIKEL  MN o FPM  o
m
MNFIJFN FNU hFIIJE
IM IJFN
 OMP IJEKP RPFGKMTL JMLHKIF KIo FL E FL Q FNU HEMH E o  NRPKU FNU EPP
h HFPENIL JFE F FL  EEN LTHHMPIKE MO F  Q ENUEFMTPL o FNU OMP JF KNR
 K
IJFI EN KPMNQENI   GMNLKUEP QLE O EP OMPITNFIE 

NGE IJE PEFU IJKL IJELKL o   Q
LTPE IJE  K JFE F QTGJ RPEFIEP FHHPEGKFIKMN MO IJE HPFGIKGF   ENEIL IJFI HFPIKG E
HJLKGL MEPL 
	FLI o TI GEPIFKN  NMI EFLI o   MT U K
E IM IJFN
 JFPEL IJE FI OMP JE HKNR QE
 KIJ IJE IPKG
 HMKNIL MO 	 
  KM FIKMN  N PEQ FKNKNR UEGKENGKEL EPE QMLI K
E
MLI KN IPFNLFIKMN FNU FPE ENIKPE  Q OFT I 

  






 QFRKNE IJE  KR FNR IJFI PMTRJI IJE TNKEPLE KNIM E KLIENGE FHHPM KQ FIE  i  KKMN
EFPL FRM  JE EFP TNKEPLE FL GJFPFGIEPKEU  F LIFIE MO EIPEQ E  JKRJ UENLKI
FNU JKRJ IEQHEPFITPE o FNU FL F PELT I MO IJELE GMNUKIKMNL o IM IHEL MO HFPIKGEL EPE
HPELENI  
 HFPIKGEL FNU 
 HFPIKG EL  D KIJMTI FN OTPIJEP 
NM EURE o
KI MT U  E NFITPF  IM FLLTQE IJFI IJE TNKEPLE  ERFN KN F LQQEIPKG LIFIE  KIJ
ESTF FQMTNIL MO EFGJ IHE MO HFPIKGE HPELENI   O IJ KL EPE NMI IJE GFLE o IJEN LMQE
EH FNFIKMN MT U  E NEGELLFP IM FGGMTNI OMP IJE UK EPENGE   I LM JFHH ENL IJFI JEN
QFIIEP FNU FNIKQ FIIEP GMQ KNE o IJE FNNKJKFIE KN F TPLI MO PFUKFIKMN  $N KLKMNKNR
IJE TNKEPLE FI IJKL EFP LIFRE o KI IJEPEOMPE NEGELLFP IM PESTKPE F HPEUMQ KNFNGE MO
Q FIIEP HFPIKG EL MEP FNIKQ FIIEP HFPIKGEL  M FLLTQE MIJEP KLE MT U Q EFN UEN KNR
IJE OFGI MO MTP EP E KLIENGE o  EGFTLE KO IJE PFIKM MO Q FIIEP IM FNIKQ FIIEP FL EFGI
TNKIo IJEN F  MO IJE Q FIIEP KN IJE TNKEPLE MT U JFE  EEN GMNEPIEU IM PFUKFIKMN
IJPMTRJ FNNKJKFIKMN HPMGELLEL  KKMNL MO EFPL FRM o EF KNR MN  PFUKFIKMN IMUF FNU
OMP F MO IKQ E  IFE Q FIIEP MT U NMI E KLI IM G TQH IMREIJEP IM OMPQ H FNEIL o LIFPL
MP RF F KEL o MN  HJMIMNL MT U KNJF KI IJE M TQE MO IJE TNKEPLE  JE STELIKMN IJEN
 EGMQ EL  J UMEL FNIJKNR E KLI- JE M KMTL FNLEP KL IJFI IJEPE FL LKRJI  QMPE
QFIIEP IJFN FNIKQ FIIEP FI LMQ E HMKNI FOIEP IJE  KR FNR o RK KNR PKLE IM IJE Q FIIEP
UMQ KNFNIEU TNKEPLE E LEE IMUFo TI J-

NE HMLLKE EH FNFIKMN IJFI FL HPMH MLEU KN IJE HFLI OMP IJE Q FIIEP	FNIKQ FIIEP
FLQQEIP LTRRELIEU IJFI LMQ E PERKMNL MO IJE TNKEPLE Q F GMNIFKN Q FIIEP JKE
i
MIJEP PERKMNL GMNIFKN FNIKQ FIIEP o LM IJFI MN FEPFRE IJEPE KL FN ESTF  FQMTNI MO EFGJ
IHE  nMEEP o IJ KL KL NMI GMNLKLIENI  KIJ JFI KL MLEPEU  $ KUENGE MO FNIKQ FIIEP
MT U GMQE KN IJE OMPQ MO F GJFPFGIEPKLIKG HJMIMN LKRNF  HPMUTGEU JEN QFIIEP FNU
FNIKQ FIIEP FNNKJKFIE 

NE F IM LEFPGJ OMP FNIKQ FIIEP MGF KL IM LITU IJE  

   KIJ KN MTP LM FP LLIEQ o JKGJ GMNLKLIL MO LIPEFQ L MO GJFPREU Q FIIEP HFPIKGEL
IJFI MPKRKNFIE OPMQ IJE TN   O EEP IJKL  KNU ENGMTNIEPL F H MG
EI MO FNIKQ FIIEP o IJEN
F HJMIMN LKRNF  MT U  E EQ KIIEU o G EFP KNUKGFIKNR IJKL HPELENGE  M UFIE o IJEPE JFL
 EEN NM KNUKGFIKMN MO FNIKQ FIIEP KN MTP LM FP LLIEQ MP E LEJEPE o FNU IJE FPRTQENI MO
UKLIKNGI Q FIIEP FNU FNIKQ FIIEP PERKMNL FHH KEU IM FPREP FNU FPREP LGF EL KN IJE TNKEPLE
LTGJ FL RF F KEL FNU G TLIEPL MO RF F KEL  EGMQEL KNGPEFLKNR  UK GT I IM FGGMQQMUFIE 
    	


M EH FKN IJE Q FIIEP	FNIKQ FIIEP FLQQEIP MO IJE TNKEPLE o    F
JFPM

i HPM
HMLEU IJFI IJPEE GPKIEPKF QTLI  E LFIKLEU   NMNGMNLEPFIKMN MO FPMNL o  	 

 KM FIKMN o FNU  IJE EM TIKMN MO IJE TNKEPLE OPMQ F LIFIE MO IJEPQMUNFQ KG ESTK
KPKTQ IM F LIFIE MO NMNESTKKPKTQ 

   ﬀ 
JE KQF FNGE KN IJE FQMTNI MO Q FIIEP FNU FNIKQ FIIEP GFN  E EFQ KNEU FL IJE KQF 
FNGE KN IJE FQMTNI MO FPMNL FNU FNIKFPMNL o LKNGE FPMNL NETIPMNL FNU HPMIMNL
FPE IJE JEF KELI MO IJE FLKG GMNLIKITENIL MO Q FIIEP 

NE HMLLKE EH FNFIKMN OMP IJE
FLQQEIP KL IJFI FPMNL KN IJE EFP TNKEPLE EPE LMQ EJM FE IM UEGF KNIM HFPIK
GEL IJFI EPE NMI FPMNL o MP 	 	
o IJFI FPMNL EPE HPMUTGEU OPMQ NMNFPMNL 
JE NF  HPMUTGIL KN FPMN UEGF QKRJI JFE  EEN QTGJ KRJIEP o NMNFPMNKG HFPIK
GEL LTGJ FL F EHIMN FN EEGIPMN o OMP KNLIFNGE FNU F QELMN F HKMN o OMP KNLIFNGE FL
#KN IJE HPMGELL 
 
 



V
i i
M OFP o NM EH EPKQ ENIF  E KUENGE JFL  EEN OMTNU IM LTRRELI IJFI IJE HPMIMN TNUEPRM EL
F UEGF MO FN LMPI  $HEPKQ ENIF o F MEP  MTNU MO FHHPM KQ FIE  %  i EFPL
JFL  EEN H FGEU MN IJE Q EFN KOEIKQ E MO IJE HPMIMN

   EGF  IJFI IJE FRE MO IJE
TNKEPLE KL PMTRJ  i

 EFPL 
  
 ﬀ
	EOI  KILEO o IJE LIFIEQ ENI MO NMNGMNLEPFIKMN MO FPMNL KN IJE  PLI F
JFPM GMNUK
IKMN MT U HPMUTGE FN ESTF  NTQ EP MO FPMNL FNU FNIKFPMNL IJFI MT U EENITF
FNNKJKFIE o EF KNR  EJKNU NEKIJEP Q FIIEP NMP FNIKQ FIIEP   LEGMNU GMNUKIKMN KL IJEPE
OMPE PESTKPEU KN JKGJ FPMN KNIEPFGIKMNL QTLI  KM FIE 	 
 GMNLEPFIKMN  JE EFGI
UELGPKHIKMN MO 	 
  KM FIKMN  K  E UKLGTLLEU KN QMPE UEIFK KN JFHIEP  o TI ELLENIKF 
IJE 	 
 LQQEIP PEFIEL F HFPIKG E IM KIL FNIKHFPIKG E  ITU KNR PEFGIKMNL IJFI FPE IJE
	 
 GMN+TRFIEL MO MNE FNMIJEP JE HL KN IJE TNUEPLIFNUKNR MO IJE Q FIIEP	FNIKQ FIIEP
FLQQEIP  O F HPMGELL KL FE IM Q F
E FN FLM TIE UKLIKNGIKMN  EIEEN QFIIEP FNU
FNIKQ FIIEP o IJ KL GMT U EFU IM UK EPENGEL KN JM QTGJ MO EFGJ IH E KL HPMUTGEU  MP
KNLIFNGE o LTHHMLE F HFPIKGE GMT U UEGF IJPMTRJ IM GJFNNE L o MNE HPMUTGKNR QFIIEP
FNU IJE LEGMNU HPMUTGKNR FNIKQ FIIEP 
 HFPIKG E  	
     HFPIKGE  
  	 
  
V
i 
 O MNE MO IJELE UEGF QMUEL FL OFMTPEU MEP IJE MIJEP MP JFHHENEU OFLIEP o IJEN IJKL
MT U EFU IM F UKEPENGE KN IJE FQMTNI MO Q FIIEP FNU FNIKQ FIIEP HPMUTGEU 
 
  
JE NF  KNRPEUKENI NEGELLFP IM GPEFIE F FLIKNR FPMN FLQQEIP KL IJFI IJE TNKEPLE
QTLI EM E OPMQ F LIFIE MO IJEPQ MUNFQ KG ESTKKPKTQ KNIM F LIFIE MO NMNESTKKPKTQ 
JKL Fo 	 
 HPMGELLEL IJFI OFMTP IJE HPMUTGIKMN MO Q FIIEP MEP FNIKQ FIIEP GFN  E
LIPTNR IMREIJEP KN IKQ E IM  KEU IJE MLEPEU QFIIEP UMQ KNFNGE  D KIJMTI IJKL FLI
GMNUKIKMN o FN QFIIEP	FNIKQ FIIEP FLQQEIP MT U  E EPFLEU FL IJE LIFIE PEITPNL IM
IJEPQ MUNFQ KG ESTKKPKTQ  MNLKUEP IJE JMI  KR FNR KN JKGJ IJE IEQHEPFITPE
MO IJE EFP TNKEPLE KL EP JKRJ o JKRJ ENMTRJ KN OFGI IJFI IJE HPMGELLEL IJFI ITPN
HFPIKG EL KNIM PFUKFIKMN FPE F FNGEU  PEFGIKMNL IJFI ITPN PFUKFIKMN KNIM HFPIKG EL 
M JFE Q FIIEP IMUF JMEEP o IJE TNKEPLE MT U JFE JFU IM GMM  KN MPUEP IM PEF

IJE LIFIE MO ESTKKPKTQ  EIEEN QFIIEP FNU FNIKQ FIIEP FNU PFUKFIKMN o FNU KN UMKNR
LM OFMTP Q FIIEP HPMUTGIKMN MEP PFUKFIKMN HPMUTGIKMN   I ITPNL MTI IJFI PEFGIKMNL
HPMUTGKNR Q FIIEP HPEFK  EGFTLE IJE EFU IM MEP ENEPR LIFIEL 
TPIJEPQ MPE o F LIFIE IJFI KL KN IJEPQMUNFQ KG ESTKKPKTQ JFL Q F KQTQ ENIPMHo
MP Q F KQTQ PFNUMQNELL   IJE LEGMNU F MO IJEPQMUNFQ KGL o KO F LLIEQ TNUEPRMEL
GJFNRE o KI  K EM E KN LTGJ FL F IJFI KIL ENIPMH  K KNGPEFLE MP o FI  ELI o PEQ FKN
IJE LFQE   UKEPENGE KN IJE NTQ EP MO HFPIKGEL FNU FNIKHFPIKGEL JMEEP UEGPEFLEL
IJE PFNUMQNELL MO IJE LLIEQ o IJEPEOMPE IJE LLIEQ GFNNMI  E KN F LIFIE MO ESTKKPKTQ 

 
JE GTPPENI LGENFPKM OMP IJE EM TIKMN MO IJE TNKEPLE KL IJFI KNKIKF o FOIEP IJE  KR
FNR o FPMNL FNU FNIKFPMNL E KLIEU KN ESTF  HPMHMPIKMNL  I LMQ E FIEP HMKNI o
HPM GELLEL IJFI  KM FIE 	 
 FNU FPMN NTQ EP MGGTP JKGJ  KE U FN EGELL MO FPMNL
MEP FNIKFPMNL o FNU FPE HPELEPEU  JF KNR IJE TNKEPLE  E IEQHMPFPK MTI MO
IJEPQ MUNFQ KG EST KPKTQ   LJMPI IKQ E FOIEP IJELE EENIL IF
E H FGE o IJE FPMN
%NTQ EP  KM FIKNR PEFGIKMNL FPE NM MNREP FGIKE o FNU IJE FPMN EGELL KN IJE TNKEPLE
KL  OPMEN KN  FPMNL FNU FNIKFPMNL LTLESTENI  FNNKJKFIE 
FPMN  FPMN    i #
EF KNR MN  FPMNL IM H MHT FIE IJE TNKEPLE  EGFTLE F  MO IJE FNIKFPMNL JFE LKNGE
 EEN GMNEPIEU IM HJMIMNL 

NE GJFPFGIEPKLIKG MO IJE Q FIIEP	FNIKQ FIIEP FLQQEIP
IJFI KL MLEPEU IMUF KL IJE PFIKM MO IJE NTQ EP MO FPMNL o  	 o IM IJE NTQ EP MO
HJMIMNL o 
 	

# 
 	   	
  	   	

 	
 
i

V
i 
            ﬀﬁ
 I KL IJE LEGMNU MO IJE F
JFPM GPKIEPKF o 	 
  KM FIKMN o IJFI IJE IFNOMPU 	 KNEFP  GGE 
EPFIMP ENIEP 	   FGIMP KL  EKNR TKI IM LITU  LKNR 

QELMNL KN JKGJ IJE
Q FNKOELIFIKMN MO 	 
  KM FIKMN KL EH EGIEU IM  E IJE Q MLI FHHFPENI o FN KNIEPNFIKMNF 
IEFQ MO LGKENIKLIL KL JMHKNR IM TNUEPLIFNU FI FLI MNE EP KQHMPIFNI FLH EGI MO J E
E KLI 
 N MPUEP IM LITU 	 
  KM FIKMN o F UEIEGIMP KL NEGELLFP IM Q EFLTPE IJE 
E LKR
NFITPEL IJFI KNUKGFIE 	 
 LQQEIP JFL  EEN PM
EN  TGJ F UEIEGIMP  K JFE F
NTQ EP MO LTUEIEGIMP GMQHMNENIL IJFI  K GMNGENIPFIE MN UK EPENI FLH EGIL MO IJE
EHEPKQ ENI o KNG TUKNR F UPKOI GJFQ EP IJFI  K QFKN   E GMNGEPNEU  KIJ Q EFLTPKNR
IJE Q MQENITQ MO GJFPREU HFPIKGEL  JE OMGTL MO IJKL IJELKL  K  E IM MTI KNE F LEPKEL
MO LITUKEL H EPOMPQ EU TLKNR F HPMIMIHE UPKOI GJFQ EP o IJE PELT IL MO JKGJ  K  E TLEU
KN UEIEPQ KNKNR GEPIFKN UELKRN OEFITPEL MO IJE OT  LGF E UEIEGIMP 
   
 




   ﬁ 
 L Q ENIKMNEU KN JFHIEP io 	 
  KM FIKMN Q KRJI EH FKN J IJEPE KL QMPE Q FIIEP KN
IJE TNKEPLE IMUF IJFN FNIKQ FIIEP  TI JFI EFGI  KL 	 
  KM FIKMN-
J LKGKLIL MOIEN LITU IJE LQQEIPKEL MO FPKMTL LLIEQ L KN MPUEP IM TNUEPLIFNU
IJEQ  	 
 KL F GMQ KNFIKMN MO IM LTGJ LQQEIPKEL KN NFITPE  
  EKNR


 MP 


	
  FNU 	  EKNR 


 



 MP





 



 
 ﬀ   	ﬀ
 PKMP IM ij%k o HFPKI FL FLLTQEU IM  E F LQQEIP IM JKGJ NFITPE FUJEPEU o Q EFNKNR
IJFI IJE Q KPPMP KQ FRE MO FN HPMGELL PEHPELENIL FNMIJEP H MLLKE HPMGELL IJFI GMT U  E
MLEPEU KN NFITPE  nMEEP KN ij%k o    	EE FNU  "  
FNR

  NMIKGEU IJFI HFPKI
LQQEIP JFU  EEN LJMN IM JM U OMP F  OMPGEL KN NFITPE E GEHI IJE OMPGE GF EU IJE
 ﬀ OMPGE JKGJ RMEPNL PFUKMFGIKE UEGFL o FNU IJE HPMH MLEU IM IELI IJKL FLLTQHIKMN 
JE  PLI FNU QMLI OFQ MTL EH EPKQ ENI IM IELI HFPKI GMNLEPFIKMN KN EF
 UEGFL FL
H EPOMPQ EU     DT

% MNE EFP FIEP TLKNR  UEGF MO GMFIk  JE RMF  MO IJE
EHEPKQ ENI FL IM MLEPE F LHFIKF  FLQQEIP KN IJE EQ KLLKMN MO E EGIPMNL OPMQ IJE
PFUKMFGIKE UEGF JKGJ GMT U EFU IM F UKLIKNGIKMN  EIEEN IJE UEGF HPM GELL FNU KIL
Q KPPMP KQ FRE 
k
,JE HPMGELL TLEU KN DT L EHEPKQ ENI FL IJE PFUKMFGIKE UEGF MO GMF I KNIM NKG
E  

	   

  

  
V
 %
 N MPUEP IM ELIFKLJ F PEOEPENGE UKPEGIKMN KN LHFGE o F Q FRNEIKG EU FL FHH KEU IM
IJE PEFGIKMN JKGJ F KRNEU IJE LHKN MO IJE GMF I FIMQ

FNU IJEPEOMPE IJE LHKN MO IJE
PELT IKNR NKG
E  FIMQ KN IJE LFQ E UKPEGIKMN FL IJE EU   QEFLTPKNR IJE EQ KLLKMN MO
E EGIPMNL HFPF E  MP FNIKHFPF E  IM IJE MPKENIFIKMN MO IJE NTG EFP LHKN IJE UKPEGIKMN MO
IJE Q FRNEIKG E U  o FN FLQQEIP UTE IM F HFPKI IPFNLOMPQ FIKMN GFN  E UEIEGIEU 
DT FNU JEP GM EFRTEL MLEPEU IJFI KN IJE F UEGFo EEGIPMNL EPE EQ KIIEU F MNR IJE
UKPEGIKMN MO IJE NTG EFP LHKN UKPEGIKMN   O HFPKI FL IM  E KNFPKFNI o IJEN IJE Q KPPMP
KQ FRE HPMGELL MT U F LM JFE IM EQ KI E EGIPMNL KN IJKL LFQ E MPKENIFIKMN o HFPF E  IM
IJE UKPEGIKMN MO IJE LHKN  JE NTG ETL KN IJE Q KPPMP KQ FRE JFL IJE UKPEGIKMN MO KIL LHKN
 KHH EU  EGFTLE KI KL NM PMIFIKNR KN IJE MHHMLKIE UKPEGIKMN o EI IJE EEGIPMNL KN IJKL
Q KPPMP KQ FRE PEFGIKMN FPE EQ KIIEU KN IJE UKPEGIKMN 

  IM IJE LHKN FL LJMN KN
 KRTPE  i 
JKL FL G EFP E KUENGE MO F HPM GELL JMLE Q KPPMP KQ FRE UM EL NMI MGGTP KN NFITPE 
 O HFPKI JFU NM EEGI MN IJKL UEGFo IJEN EEGIPMNL KN IJE Q KPPMP KQ FRE LGENFPKM LJMT U
JFE  EEN EQ KIIEU KN IJE  UMNFPU UKPEGIKMN o KN IJE LFQ E UKPEGIKMN FL IJE LHKN 
nMEEP o IJ KL FL NMI IJE GFLE o FNU IJE LFQ E PELT IL EPE OMTNU OMP F  LLIEQ L RMEPNEU
 IJE EF
 OMPGE  JE EF
 KNIEPFGIKMN     KM FIEL HFPKI  IJFI KL o IJE HFPKI
LQQEIP KL PM
EN KN EEP EF
 KNIEPFGIKMN 
 
 ﬀ    ﬀ
NMIJEP LQQEIP IJFI KL F KU OMP F OMPGEL EGEHI IJE EF
 OMPGE KL IJE GJFPRE
GMN+TRFIKMN MHEPFIKMN o 	 o JKGJ GMNEPIL EFGJ HFPIKGE KNIM KIL FNIKHFPIKGE  KIJMTI
	
     
     
 ﬀﬁ  
 ﬂ 
ﬁﬂ
    ﬁ 
 ﬁ  ﬁ 
   
 ﬁ  ﬃ
β β
lab mirror image
spin
spin
Ni
60
Ni
60

&   
  KFRPFQ LJM KNR IJE PFUKMFGIKE  UEGF MO M  EOMPE FNU FOIEP F HFPKI
IPFNLOMPQ FIKMN   N IJE F o Q MLI MO IJE E EGIPMNL FPE EQ KIIEU KN IJE UKPEGIKMN MO IJE
NTGEFP LHKN MPKENIFIKMN  DJEPEFL KN IJE Q KPPMP KQ FRE o JEPE IJE HFPKI MHEPFIKMN
GJFNREL IJE UKPEGIKMN MO IJE LHKN MO IJE NKG
E  FIMQ o Q MLI MO IJE E EGIPMNL FPE EQ KIIEU


  IM IJE LHKN UKPEGIKMN  JKL KQ H KEL UKPEGI  IJFI HFPKI LQQEIP KL PM
EN 
GJFNRKNR IJE LHKN MP QMQ ENITQ MO IJE HFPIKG E  JE NETIPKNM o JKGJ KL F HPMUTGI
MO EF
 KNIEPFGIKMNL o KL FN M KMTL EGEHIKMN IM IJKL LQQEIP   NETIPKNML FPE 


 FNU F  FNIKNETIPKNML FPE 


  JKL Q EFNL IJFI IJE LHKN MO IJE NETIPKNM
KL FFL F KRNEU FNIKHFPF E  IM KIL QMQENITQ o JKE IJE LHKN MO IJE FNIKNETIPKNM KL
F FL HFPF E  IM KIL QMQENITQ  HH  KNR IJE GJFPRE GMN+TRFIKMN LQQEIP IM F EOI
JFNUEU NETIPKNM FL KTLIPFIEU KN  KRTPE   RKEL F EOIJFNUEU NETIPKNM KN PEITPN
JKGJ UMEL NMI E KLI KN NFITPE  JEPEOMPE o GJFPRE GMN+TRFIKMN FHH KEU IM FN HPMGELL
KNM  KNR F NETIPKNM  K NMI PELT I KN F HJLKGF MLEPEU HPMGELL o JKGJ QEFNL IJFI
IJE GJFPRE GMN+TRFIKMN KL NMI F LQQEIP MO EF
 KNIEPFGIKMNL 
jî
neutrino antineutrino
charge
conjugation
spin spin
(left-handed) (left-handed)

&  &
  KFRPFQ KTLIPFIKNR IJE FGIKMN MO IJE GJFPRE GMN+TRFIKMN LQQEIP MN IJE
NETIPKNM L LIEQ  JE MHEPFIKMN MO GJFPRE GMN+TRFIKMN GJFNREL F EOIJFNUEU NETIPKNM o
JKGJ JFL  EEN MLEPEU KN NFITPE o KNIM F EOIJFNUEU FNIKNETIPKNM o JKGJ JFL NMI  EEN
MLEPEU KN NFITPE  JEPEOMPE o GJFPRE GMN+TRFIKMN KL  KM FIEU KN EF
 KNIEPFGIKMNL 
    
 ﬀ 
$EN IJMTRJ EFGJ MO IJE LQQEIPKEL 	 FNU 
 KL NMI GMNLEPEU KN EF
 KNIEPFGIKMNL o
HJLKGKLIL IJMTRJI IJFI H EPJFHL IJELE IM LQQEIP  KM FIKMNL MT U MGGTP GMTH EU
IMREIJEP LM IJFI IJE GMQ KNEU 	 
 LQQEIP MT U  E HPELEPEU  MP EFQH E o KN IJE
M EHEPKQ ENI IJFI FL TLEU IM UEQMNLIPFIE IJE  KM FIKMN MO HFPKI KN EF
 UEGF L o
FHH  KNR FN FUUKIKMNF  GJFPRE GMN+TRFIKMN IPFNLOMPQ FIKMN IM IJE Q KPPMP KQ FRE EFUL IM
F HPMGELL KN JKGJ IJE HFPIKGEL FPE EQ KIIEU FMNR IJE UKPEGIKMN MO IJE LHKN MPKENIFIKMN o
EFGI  FL KN IJE MPKRKNF  PEFGIKMN   I MT U LEEQ IJEN IJFI IJE GMQ KNFIKMN MO 	 FNU

 IMREIJEP KL IJE LQQEIP IJFI KL THJE U KN EF
 KNIEPFGIKMNL o PFIJEP IJFN 	 FNU 

LEHFPFIEo TI KN ijk 	 
  KM FIKMN FL MLEPEU EH EPKQ ENIF  KN IJE NETIPF 
FMN
LLIEQ

k 
             	

N K
E F NETIPF  QELMN LTGJ FL IJE HKMN JKGJ KL KIL MN FNIKHFPIKGE o IJE NETIPF  
FMN o



o JFL FN FLLMGKFIEU FNIKHFPIKGE o 


o JKGJ KL F UKLIKNGI LIFIE  nMEEP F 


HFPIKG E o
i
JKGJ KL GMQHMLEU MO F  IH E STFP
 FNU FN FNIK


 IHE STFP
 o GFN GJFNRE
KNIM KIL FNIKHFPIKG E o IJE 


o JKGJ KL Q FUE MO FN FNIK STFP
 FNU FNU F 



STFP
  JE HPMGELL IJFI F M L IJKL Q K KNR IM JFHH EN KL GF EU F   

  ﬀ

   EGFTLE IM QEUKFIKNR    MLMNL FPE EGJFNREU FL KTLIPFIEU KN  KRTPE  # 
JKL Q K KNR HPMH EPI KN LIFE HFPIKGEL KL TNKSTE IM MN  IM MIJEP L LIEQ L o NFQ E
IJE  QELMNL FNU IJE  QELMNL 
W W






− +
d
  u,  )
 u,   )
s
s
d
°Κ °

Κ
c, ( t
c, ( t

&  
 M UKFRPFQ OMP MNE HMLLKE LEGMNU MPUEP EF
 IPFNLKIKMN  EIEEN IJE

FMN FNU KIL FNIKHFPIKGE 
"M o GMNLKUEP JM IJE LQQEIPKEL MO HFPKIo 
 o FNU GJFPRE GMN+TRFIKMN o 	 o FGI MN
IJE 
FMN LIFIEL    QELMNL KNGTUKNR IJE NETIPF 
FMN JFE NERFIKE KNIPKNLKG HFPKIo
LM IJFI JEN IJE HFPKI MHEPFIKMN KL FHH KEU IM F 
FMN LIFIE o IJE LFQ E 
FMN LIFIE KL
PEITPNEU o TI  KIJ F NERFIKE HFPKI EKRENF TE 

 

  
 

 
 
 


 
 



V
 k
JFPRE GMN+TRFIKMN KL LIPFKRJI OMPFPU  FL UKLGTLLEU KN EGIKMN  io IJE MHEPFIMP 	
IF
EL F LLIEQ OPMQ IJE HFPIKGE LIFIE IM IJE GMPPELHMNUKNR FNIKHFPIKG E LIFIE 
	 

  




 	 


 


 
V
 ,
 ﬁ

  ﬂ  ﬀ 	 
  ﬀﬁ  
   ﬂ     	   

 ﬁﬀﬁ   
  ﬂ    
   ﬂ ﬃ
ii
JEPEOMPE o GMQ KN KNR IJELE IM LQQEIPKEL KNIM MNE MHEPFIKMN o IJE  EJF KMTP MO IJE

FMN FNU FNIK
FMN TNUEP IJE 	 
 LQQEIP  EGMQEL FHHFPENI 
	 
 

  
 



 	 
 


 
 

 
V
 
$STFIKMN   LJM L IJFI 


FNU 


FPE NMI RMMU EKRENLIFIEL MO 	 
  MP F LIFIE IM
 E F  RMMU EKRENLIFIE MO F LQQEIP MHEPFIKMN o IJFI LIFIE QTLI  E PEITPNEU MNGE
IJE MHEPFIKMN JFL  EEN FHH KEU  MP EFQH E o KN MPUEP OMP F LIFIE 	

IM  E F RMMU
EKRENLIFIE MO 	 

	 
 	
   
	

V
 j
 N MIJEP MPUL o 	 
 FEGIL IJE KNUK KUTF  
FMN LIFIEL o EF KNR IJEQ UK EPENI IJFN IJE
EPE KN KIKF 	 
 LQQEIP FHH KEU IM F 
FMN LIFIE PEITPNL FN FNIK
FMN LIFIE o JKE
	 
 FHH KEU IM IJE FNIK
FMN LIFIE PEITPNL F 
FMN LIFIE o JKGJ KN MIJ GFLEL FPE NMI IJE
LFQ E FL IJE KN KIKF LIFIEL 
nMEEP o  EGFTLE MO IJE Q K KNR HPMH EPI IJFI 
FMNL EJK KI o JEPE F 
FMN GFN
GJFNRE KNIM KIL FNIKHFPIKGE o 
 




o IJE  HFPIKG EL IJFI FPE MLEPEU KN IJE F MPF
IMP FPE NMI IJE KNUK KUTF  
FMN LIFIEL 


FNU 


o TI PFIJEP F KNEFP GMQ KNFIKMN MO
IJE IM 




 
i


 



 



  



 
i


 



 



  i
JEPE IJE OFGIMP MO



KL KNGTUEU IM NMPQ F KE IJE LIFIEL   N KRJI MO IJE OFGI IJFI 


FNU 


 IJEQ LE EL FPE NMI KNFPKFNI TNUEP 	 
 LQQEIPo IJE 	 
 HPMH EPIKEL MO
IJELE GMQ KNEU LIFIEL  K  E GMNLKUEPEU   LKNR IJE HPE KMTL PELT IL OMP IJE IPEFIQ ENI
MO IJE KNUK KUTF  
FMN LIFIEL 
  FNU 


o
	 
 



 
i


	 
 

 
 	 
 





i


 



 

 


i


 



 



 
i
JKGJ  KE UL
	 
 



 
 




V
 ii
 KQ KFPo OMP IJE LEGMNU GMQ KNFIKMN LIFIE o 



o
	 
 



 
 




V
 i
$FGJ MO IJE LIFIEL 
 

FNU 
 

FHH EFP IM  E F RMMU EKRENLIFIE MO 	 
  EGFTLE EFGJ
LFIKLEL IJE GMNUKIKMN KN $STFIKMN  j   LLTQ KNR IJFI 	 
 KL GMNLEPEU KN EF
 KN
IEPFGIKMNL o 
 

GFN MN  UEGF KNIM F LIFIE JF KNR F 	 
 EKRENFTE MO  i 	 	 

LQQEIP  o JEPEFL 
 

QTLI UEGF IM F LIFIE JF KNR F 	 
 EKRENFTE MO  i  	 

LQQEIP   JE UEGF GJFNNE  OMP NETIPF  
FMNL KL MOIEN KNIM IM MP IJPEE HKMNL   KNGE
IJE IM HKMN NF LIFIE EJK KIL EEN 	 
 LQQEIP UTE IM IJE NERFIKE KNIPKNLKG HFPKI
MO EFGJ Q ELMN FNU IJE H MLKIKE GMNIPKTIKMN OPMQ GJFPRE GMN+TRFIKMN o KI KL FLLM GKFIEU
 KIJ IJE UEGF MO 



 MPPELHMNUKNR o 



UEGFL IM F IJPEE HKMN NF  LIFIE  EGFTLE
IJE HFPKI MO IJPEE HKMN LIFIEL RKEL MUU 	 
 LQQEIP JEPEOMPE o KO EF
 KNIEPFGIKMNL
M E  LQQEIP IJEN 
 

 K  UEGF KNIM IM HKMNL o TI NEEP IJPEE o FNU 
 

 K  UEGF KNIM IJPEE HKMNL o TI NEEP IM 




   



 #
V
 i#

O IJE IM UEGF L o IJE  UEGF  K IF
E H FGE QTGJ OFLIEP IJFN IJFI MO IJE #
 EGFTLE IJE ENEPR PE EFLEU KL RPEFIEP  IFPIKNR  KIJ F  EFQ MO 


HFPIKGEL o JKGJ
GFN  E IJMTRJI MO FL  EKNR F Q KITPE GMNIFKNKNR  MIJ 



FNU 



o IJE 



GMQHMNENI
 K STKG
 UEGF EF KNR MN  IJE 
 

GMQHMNENI FI LMQ E FPRE UKLIFNGE F MNR IJE
 EFQ  JKL KL EFGI  IJE KUEF IJFI FL TLEU IM IELI 	 
 KNFPKFNGE   KEN F MNR
ENMTRJ  EFQ KNE

o IJE EG TLKMN MO  NF  LIFIEL FI FPRE UKLIFNGEL FL UKGIFIEU  	 

LQQEIP GFN  E STFNIKIFIKE QEFLTPEU 
 	
     
     ﬂ    
       ﬃ
i#
 N ijk  PMNKN FNU  KIGJ

k PEHMPIEU E KUENGE IJFI IM HKMN NF  LIFIEL EPE OMTNU
FI UKLIFNGEL OFP UMN IJE  EFQ KNE JEPE MN  IJPEE HKMN NF  LIFIEL EPE EHEGIEU o
RK KNR TNQ KLIF
FE E KUENGE MO 	 
  KM FIKMN  JE FLLTQHIKMN IJFI 
 

FNU 
 

EPE
H EPOEGI 	 
 EKRENLIFIEL MO 	 
 FL NMI F KU FOIEP F  o FNU F LQ F  FUQ KITPE MO 
 

KE o IJE   PMNR 	 
 EKRENLIFIE FL NEEUEU IM EH FKN IJKL TNEH EGIEU HPELENGE MO 
NF LIFIEL 



 
 
i
i  



 











   i 




 
i
i  



 












V
 i%
JE F E L 	 FNU  KN $STFIKMNL  i FNU  i% PEOEP IM IJE KOEIKQ E MO IJE HFPIKG E
 	 OMP MNR KEU FNU   OMP LJMPIKEU

 




  


V
j  i



LEG 



 
 # 

%
V
  i

LEG
V
 ik
JE GME GKENI

KL KNIPMUTGEU IM GJFPFGIEPKE NFITPE L UEHFPITPE OPMQ HEPOEGI 	 

LQQEIP FNU KL LJMN EHEPKQ ENIF IM  E LQ F o


 #  i


 
TPIJEP LITUKEL MN 


 
PEEF EU EEN QMPE E KUENGE OMP 	 
  KM FIKMN   KM FIKMN MO
	 
 LQQEIP RKEL PKLE IM FN MLEPFE UK EPENGE KN IJE PFNGJKNR PFIKML KN F LEGMNU



 
UEGF QMUE 



 
 

 

     i,



 
 

 

 
V
 i
$HEPKQ ENIL LJM IJFI 
 
 
UEGF L QMPE MOIEN KNIM F HMLKIPMN IJFN FN E EGIPMN o 
F LQ F OPFGIKMNF  FQMTNI # #  i


, o JKGJ Q EFNL IJFI IJKL PEFGIKMN KL LENLKIKE IM
IJE UK EPENGE  EIEEN Q FIIEP FNU FNIKQ FIIEP o HPMUTGKNR QMPE MO MNE IJFN IJE MIJEP 
JE OFGI IJFI 	 
  KM FIKMN F M L TNESTF IPEFIQ ENI MO HFPIKG EL FNU FNIKHFPIKGEL
i
LTRRELIL F KN
 IM IJE Q FIIEPFNIKQ FIIEP FLQQEIP KN IJE TNKEPLE   O IJE  KM FIKMN MO
	 
 LQQEIP FL TKI KNIM IJE EFP TNKEPLE KN LTGJ F F IJFI IJE HPMUTGIKMN MO
Q FIIEP FL OFMTPEU MEP FNIKQ FIIEP o IJEN IJKL Q KRJI EH FKN IJE Q FIIEP UMQ KNFNGE
IJFI FHHFPENI HPEFKL IJPMTRJMTI IJE MLEPEU TNKEPLE IMUF
$EN IJMTRJ 	 
 LQQEIP PEF
 KNR FL UKLGMEPEU # EFPL FRM o FNU Q FN QMUE L
E KLI IM FGGMTNI OMP KI o IJEPE KL LIK NM EPKEU IJEMP IJFI JFL  EEN LJMN IM UELGPK E
JM 	 
  KM FIKMN IL KNIM IJE GTPPENI IJEMPEIKGF  QMUE L MO HFPIKGE HJLKGL  JE RMF 
MO IJE 	  FGIMP KL IM Q F
E LTGJ F IELI TLKNR NETIPF  QELMNL PFIJEP IJFN
NETIPF  
FMNL IM UELGPK E MNGE FNU OMP F  IJE LMTPGE MO 	 
  KM FIKMN 
              
JE GTPPENI  KE MO Q FIIEP KN IJE TNKEPLE KL IJFI KI GMNLKLIL MO +TLI IM IHEL MO
EEQ ENIFP HFPIKGEL  STFP
L FNU EHIMNL  JE IJEMP UELGPK KNR IJE  EJF KMTP MO IJELE
OTNUFQENIF  TKUKNR M G
L KL 
NMN FL IJE  
   MO HFPIKG E HJLKGL o JKGJ
FGGMTNIL OMP IJE EEGIPMQ FRNEIKG OMPGE UELGPK KNR IJE OMPGEL MO E EGIPKG FNU QFRNEIKG
FIIPFGIKMN FNU PEHT LKMN IJFI  KNU FIMQ L o IJE EF
 OMPGE PELHMNLKE OMP PFUKMFGIKE
UEGF  o FNU IJE LIPMNR NTG EFP OMPGE JKGJ JM UL FIMQ KG NTG EK IMREIJEP  M OFP o
IJE IFNUFPU hMUE JFL  EEN F EP LTGGELLOT  UELGPKHIKMN MO NFITPE FNU IM UFIE o
NM EH EPKQ ENIF  E KUENGE JFL UKLFRPEEU  KIJ KIL HPEUKGIKMNL  nMEEP o KN MPUEP IM
KNGMPH MPFIE 	 
  KM FIKMN KNIM IJE IJEMPEIKGF  QMUEL MO IJE ij%L FNU FIEP KNIM IJE
IFNUFPU hMUE  o FN FUUKIKMN IM IJE IJEMP FL NEGELLFPo FNU KI KL IJKL HPMH MLEU
FUUKIKMN IJFI IJE  RPMTH  K  E IELIKNR 

TFP
L FNU EHIMNL o IJE OTNUFQENIF  TKUKNR M G
L MO IJE IFNUFPU hMUE o FPE
OMTNU IM E KLI KN IJPEE HFIIEPNL GF EU OFQ KKEL MP RENEPFIKMNL 

FE  i LJM L IJE

	
  ﬂ 
 ﬂ    
   ﬁ 
ﬂ  
 
  ﬁ 
   ﬁ  ﬀ 	 
ﬂ   
   ﬁﬂ 	  
 ﬁﬁ  
   ﬂ 
i%
EHIMN FNU STFP
 OFQ KKEL EH KGKI  $FGJ MO IJE EHIMNL FNU STFP
L KLIEU  E M F LM
JFL FN FLLMGKFIEU FNIKHFPIKG E o JKGJ KL MHHMLKIE GJFPREU 
 
   
    


ﬁ	 EEGIPMN o  QTMN o  IFT o  
EEGIPMN NETIPKNM o  QTMN NETIPKNM o  IFT NETIPKNM o 
ﬀ	 TH o  GJFPQ o  IMH o  
UMN o   LIPFNRE o  MIIMQ o 	

&   
 FE LJM KNR IJE IJPEE RENEPFIKMNL MO OTNUFQENIF  HFPIKG EL 
JE E KLIENGE MO OFQ KKEL RKEL PKLE IM  MO IJE OPEE HFPFQEIEPL MO IJE IFNUFPU
hMUE  o NFQ E  IJE  HFPFQ EIEPL MO IJE F KM MFFLJKhFL
FF  h  QFIPK
IJFI UELGPK E IJE Q K KNR  EIEEN STFP
 RENEPFIKMNL  JE STFP
 QFLL EKRENLIFIEL IJE
HJLKGF  STFP
L FPE NMI IJE LFQ E FL IJE EF
 EKRENLIFIEL o TI IJE FPE PE FIEU  F
PMIFIKMN QFIPK 
NMN FL IJE  h QFIPK 
 





  


	













 


 


   

 










 

	






 

 
V
 ij
 GMNENIKMN o IJE IJPEE STFP
L  o  o   PEQ FKN TNQ K EU o JKE IJE   o  o 	 STFP
L
FPE Q KEU  JE HTPHMLE MO IJELE Q FIPK E EQ ENIL KL IM UELGPK E IJE GMTH KNR LIPENRIJ
 EIEEN STFP
L  MP KNLIFNGE o  KNUKGFIEL IJE LIPENRIJ MO IJE OMPGE  EIEEN IJE 
FNU   STFP
L o JKE 

UELGPK EL IJE GMTH KNR LIPENRIJ  EIEEN IJE  FNU  STFP
L o
FNU K
E KLE OMP IJE MIJEP E EQ ENIL KN IJE Q FIPK 
  ﬁ  
    ﬁ  ﬁﬁ    
   

	 ﬃ
ﬀ	
   
ﬀ   	   
      ﬁﬁ ﬀ   
 ﬂ    ﬁﬂﬃ    ﬁ 
    ﬃ   

  	    ﬁ    	   	        ﬁ
 ﬁ  
    
   
    
 ﬃ  ﬀ 	  
 ﬂ  

ﬁ ﬁ ! " # $ % & ' 	 
  	 
     
 " ﬂ    	
 
 

   
  ﬃ
ik
JE  h QFIPK EEQ ENIL FPE NMI F  KNUEH ENUENI o FNU KN IJE IFNUFPU hMUE  MO
IJPEE RENEPFIKMNL o IJE NKNE EEQ ENIL MO IJE  h QFIPK FPE UENEU KN IEPQ L MO IJPEE
PEF  HFPFQ EIEPL PMIFIKMN FNR EL FNU MNE GMQH E HJFLE  JKL KL LJMN EH KGKI  KN
IJE OM M KNR PEHPELENIFIKMN

 
 






 

 

 

 

 


 
 



  



 


 
 





  



 


 


 

 



  



 


 
 



  



 


 


 






 
JEPE 

LIFNUL OMP GML 

o FNU 

OMP LKN 

FNU JEPE IJE KNUKGEL    FPE RENEPFIKMN
F EL o   

i    #   N IJKL OMPQ MO IJE Q FIPK o IJE HPELENGE MO IJE IJPEE PMIFIKMN FNR EL
 

o 

o  

 FNU IJE HJFLE FNR E 	 

 KL G EFP   LEGMNU HMLLKE HFPFQEIEPKFIKMN
IJFI FL LTRRELIEU  DM OENLIEKN

 JFL IJE OM M KNR EQHKPKGF OMPQ 
 






i  


 
 


   

 i  


 





i      


i





 i
JEPE  o 


LKN  

   # FNU  FPE IJE PEF  HFPFQ EIEPL MO IJE IJEMPo FNU 
KL IJE HJFLE   NMNEPM  F M L OMP IJE HPELENGE MO 	 
  KM FIKMN KN IJE IFNUFPU
hMUE  JKL HFPIKGT FP OMPQ MO IJE HFPFQ EIEPKFIKMN KL GMPPEGI TH IM IEPQ L MO MPUEP



 JE DM OENLIEKN FHHPM KQ FIKMN KL HFPIKGT FP KNLIPTGIKE OMP TNUEPLIFNUKNR IJE
LIPTGITPE MO IJE Q FIPK  EGFTLE IJE Q FRNKITUEL MO IJE EEQ ENIL FPE EFLK GMQHFPEU
FNU IJE UEH ENUENG MN IJE PEF  FNU KQ FRKNFP HFPIL KL MTIKNEU G EFPo  KIJ IJE HJFLE
HPELENI KN MN  IM MO IJE NKNE E EQ ENIL 
JE MN  GMNLIPFKNI IJE IFNUFPU hMUE  H FGEL MN IJE  h QFIPK KL IJFI KI QTLI
 E  
  IJFI KL o KI QTLI LFIKLO IJE HPMH EPI    

 

i  DPKIIEN FL Q FIPKGEL o
IJ KL GMNLIPFKNI  EGMQEL 









 

 

 













 

 

 











 


 


   

 











i  
 i 
  i





V
 
i,
hT IKH  KNR IJE IJE IJKPU PM MO 

 KIJ IJE  PLI GM TQN MO  RKEL PKLE IM IJE OM M KNR
PEFIKMNLJKH  EIEEN LK MO IJE  h QFIPK E EQ ENIL 



  


  


 


V
 #
JEPE FPE MIJEP LKQ KFP ESTFIKMNL LK IM  E EFGI o GMQ KN KNR IJPEE PM L FNU IJPEE
GM TQNL o TI $STFIKMN  # KN IJE DM OENLIEKN HFPFQEIEPKFIKMN GMNIFKNL IJE QMLI
LKRNKGFNI KQ FRKNFP HFPIL FNU KL IJEPEOMPE IJE Q MLI KNIEPELIKNR OMP 	 
  KM FIKMN  E
GFTLE KI KL IJE ESTFIKMN QMLI LENLKIKE IM IJE GMQH E HJFLE 
 N F HFPIKGT FP PEHPELENIFIKMN KN JKGJ MNE MO IJE IEPQ L KN $STFIKMN  # KL PEF  o
IJE TNKIFPKI GMNLIPFKNI GFN  E  KLTFKEU REMQEIPKGF  FL F IPKFNR E KN IJE GMQH E
H FNE o IJE LKUEL MO JKGJ FPE OMPQ EU  IJE GMQH E STFNIKIKEL 

 
 o 


  JKE IJE
FLE JFL ENRIJ 


 o FL LJMN KN  KRTPE    JE IPKFNR E UEHKGIEU KN  KRTPE   KL
TLTF  PEOEPPEU IM FL IJE  
 IPKFNR E LKNGE KI PEHPELENIL MNE MO IJE GMNLIPFKNIL
MIFKNEU OPMQ F TNKIFP STFP
 QK KNR Q FIPK 
α
βγ
Vtd
V*cb Vcd
*
ubV Vud
V*tb

&   
 JMN KL IJE LIFNUFPU HFPFQEIEPKFIKMN MO IJE TNKIFPKI IPKFNR E FL  KLTF 
KEU KN IJE GMQH E H FNE   I PEHPELENIL MNE MO IJE TNKIFPKI GMNLIPFKNIL MIFKNEU OPMQ
JF KNR F TNKIFP STFP
 Q K KNR Q FIPK FNU KL OMPQ EU  IJE GMQH E QFIPK EEQ ENIL


 
 o 


  FNU 


 
N FP KIPFP HMKNI KN IJE GMQH E H FNE GFN  E  PKIIEN FL  

 

o JEPE  KL
IJE FNR E IM IJE PEF  F KL FNU KL GF EU IJE 


  MO     LKNR IJKL IEPQ KNM MRo IJE
i
KNIEPKMP FNR EL MO IJE TNKIFPKI IPKFNR E o F E EU   o  FNU  FL LJMN KN  KRTPE   o FPE
PE FIEU IM  h QFIPK EEQ ENIL KN IJE OM M KNR Q FNNEP

j 
   FPR

   



  
  
  	

 

  

 
  %
  	

 



  

 k
	      	  	     	    ﬀ 


 ﬀ
     ﬁ   	   ﬂﬃ ﬃ   	ﬁ
  ﬀ ﬀ  ﬀ   ﬀ   !






 






 
 "
ﬂ









 

 ,
     ﬃ ﬃ  	ﬁ   # $ ﬁ !   %
&  & 	     	    	    ' ﬂﬂ'
   # $ ﬁ 
& ﬂ   # $ ﬂﬂ !  ﬂ    	   
	 ﬀ !   !    ﬂ    ( & ﬂ ﬂ  
	ﬁ    	  ) ﬂ	   ﬂ  ﬂ     !
ﬂ  ﬀ   ﬂ 	        !    %
& ﬂﬃ      *+ 	  ) ﬂ 	 *ﬀ
 ﬂ 	   ﬀ  ﬃ  	   (,-.
""
 ,-/
"
!  ﬃ 
ﬂ ﬃﬁﬂ ﬂ 01012 
3
   %   ﬀ # $ ﬁ    ﬂ   '
 + ﬂ ﬀ   + ﬃﬂ    ﬁ 4   ﬂ  !
 ﬂﬃ ﬃ    (5& ﬂ       ﬁ
  
α
βγ
(0,0) (1,0)
(ρ ,η )
 
  	
%!    	  ﬁ 
   ﬂﬃ ﬃ !
ﬃ       ﬂ ﬁ	   *+ ﬂ  	
ﬂ  ) ﬃ ﬃﬂ 
  ﬂ 
       	 
) *  	  ﬃ   	 ﬀ  ﬀ   ﬀ   ﬃ   (5& ﬂ
ﬂ   !  -*   
ﬂﬂ     ﬂ  !ﬁ   ﬃ  ﬁ  ﬂ '
	  &ﬁ ﬀ # $ ﬂﬂ  ﬃ    	    +
ﬂ ﬀ  ﬃﬂ  ﬁﬁ 	  ﬂ  ﬃ  ﬃﬁ    ﬃ
ﬂ ﬂ    ﬂﬃ (5& ﬃ  ) ﬂ   01012 	ﬃ   ﬂ 
  ! 	  !     	    ﬁ 
# $ ﬃﬂ  
            	 	

"
  ﬂ   !  ﬀ # $ ﬁ    ﬂ ﬂ !    ﬂ 
    ﬁ 
"
 !    !  # $ ﬁ    ﬂ ﬂ
ﬂ    ﬂ     ﬂﬃ !    ﬂ'
ﬂ          

 ) ﬃ   ﬂ * 
	
    ﬂ  ﬃ ﬃ 
 ﬀ    ﬁﬁﬂ   ﬁ   
  ﬃ
	
   
  ﬁﬁ  ﬁ 
    
  ﬀﬁ  
   ﬂ 
 
  ﬃ
 
!  ﬂﬂ  ﬁﬃ   !  ﬂ !        
   
 	    
   ﬂ  

	  


	      ﬃ  ﬃ + 
+  ﬁ  ﬃ  ﬀ  !  ﬃ  ﬃ 
ﬂ  +      ﬀ   



  	  k !    	ﬂ
!     !+ ﬃ   !    ﬂ   
 ﬃ  	 	

W W






− +
b
d
d
b
°Β °Β

Vtb
Vtb
Vtd
∗
Vtd
∗
 t, (  u,  c )
t, (  u,  c )
 
  	 
 	ﬂ   ﬂ ﬂ ! 	 !    ﬃ  ﬂ
  ﬃ     	ﬂ  ﬁﬁ 	     *+  
 ﬂﬃ   ﬃ  ﬀ  	ﬂ !    *+  ﬃ   ﬂ  
3
 	    + ﬀ   ﬂ ﬃ  ﬂ  

  
     ﬂ         ﬂ  ﬃ	 ﬀ
  ﬂ   ﬂ    

 
	 


ﬀ ﬂ   


 


-*       + ﬂ  %    	ﬁ   ﬂ 'ﬃ 
% 	 * ﬀ !  !  
	






	


 



	


 
 
!    ﬂ  ﬀ

ﬀ    !    ﬂ
 


 

 



 




 

 






  
)   ﬂ   -*        ﬂ !   ﬃ !
ﬁ ﬁ ﬂ   ﬀ          ﬂ  
"
 
ﬂ  ﬂ  ﬀ   '	 ﬂ  

   



 !  ﬁ
ﬂ    )  	ﬂ !  	  k    
 + ﬃ 	     ﬃ  ﬃ'ﬃ  *+   ﬁ 
	

ﬃ *+ ﬀ ﬂ *+  ﬃ *+  ) 	ﬂ ﬁﬁ 	  ﬃ *+ ﬂ  ﬀ
!ﬁ ﬀ     ﬂ 
     	ﬂ ﬀ     
ﬃ   ﬂﬃ ! ﬃ    *   *+ ﬂ  !
  *   ﬃﬃﬃ (5& ﬃ	   
	

 	 






 













 









 
  
!


 





 + ﬀ 


 





      ﬂ  ) ﬂ
 

 ﬂ   ﬂ    ﬃ *+  ﬂ   ﬂﬃ !  
ﬂ    ﬂ 	   ﬀ !      !ﬁ ﬀ -*     ﬂ 
   ﬁ  ﬂ  ﬂ  ﬃ *+  ﬃ  
 	 	      ﬂ  ﬂ  ﬀ     ﬃ *+  ﬁ
ﬂ      +   ﬂ 	ﬂ       -*    
"
      ﬂ ﬀ  ﬃ *+ ﬂ     ﬃﬃ     
ﬁ      *+     	 
 (5&
ﬃ	   ) ﬀ -*    ﬂ   

ﬂ ﬂ 
 ﬃﬃ   (5& *+ ﬂ  	 ﬂ  ﬁﬁ 	  ﬃ *+  
 ﬀﬁ ﬂ ﬀﬃﬃ  ! "# $"ﬀﬁ% &ﬃ ' ( )* + , - .ﬁﬀﬃ ! ﬂ ﬀﬃﬃ  ! /ﬀﬁﬂ $"ﬀﬁ% &ﬃ ' 0)0 1, -
ﬀ23 ! ﬂ ﬀﬃﬃ  ! !# $"ﬀﬁ% &ﬃ ' 045 1, ) ﬁ ﬁ - ! ﬂ ﬀﬃﬃ  ! /ﬀﬁﬂ &ﬃ ﬀ"! 0
6
!&ﬂ ﬃ
ﬃﬂ ﬀ77ﬁ !ﬀ2 !ﬀ!  ! /ﬀﬁﬂ $"ﬀﬁ% ﬀ23 0
8
!&ﬂ ﬃ ﬃﬂ ﬀ77ﬁ !ﬀ2 ! !# $"ﬀﬁ% )

  ﬁ     	ﬂ
	

 	
 

  





   
)  ﬂ  -*      	 ﬂ     ﬃ  ! 
 ﬂ   !     ﬃ    ﬂ 
"
 
 ﬂ  ﬀ   ' 	 ﬂ  

   ﬂ    


ﬁ  ﬂ            

  !ﬁ ﬀ   


ﬁ ﬁ ! ﬂ    ﬂﬂ ﬀ     ﬀ 

 ﬃ  
  ﬁ ﬂ  
"
 ﬃ ﬀ   ﬃ        ﬂ ﬂ   

 
	



  





 
)   ﬂ  + ﬂ !




  	 ﬂ     




ﬁ ﬂ   ﬂ  ﬂﬂ   ﬂﬃ ﬀ    

  

 ﬂ  %    ﬁ       


!  ﬂ    	 ﬂ ﬂ     ﬀ   
  ﬂ     ﬂ ﬂ ﬀ 

 

	

 	 



   



 

 	 



 






 
!   4 




   ﬂ 

	










	
 

 
     ! 	 !
	



	











 









 
! ﬀ 	  ﬃﬃ ﬂ   -*   ﬀ   !  
	


 








 k

3
ﬁﬀ  ﬃﬃ ﬂ   -*  k   ﬃ   ! 	
ﬂ
	  
 
 
 
 



 
 
 
 
 

 


 
) 	ﬁ 

ﬃ 	   ﬂ 'ﬃ  	ﬁ 

 





 



  


 



  
	



 
	






   
 
	
 

  
!  *

 
 
 
 	ﬁ 

 





 




  

 

 "
ﬂ


 


"
ﬂ

  


























   
"
 	 ﬀ  ﬃﬃ  	  ﬂ 'ﬃ   ﬀ   ﬀ ﬂ  
 ﬂ  
	
  ﬀ    ﬀ  	ﬁ   
	
 
	


	 



 
	

 


 

 ﬁ      
	

    	 

ﬀ     ﬂ 
ﬃ  % 	 * -*     !   ﬂ      ﬂ '
      
	
  !    !  ﬃ   ﬂ 
	
  
	


	
  
	

 









 
	
 

  
!    ﬃ ﬃ !  ﬂ

     

        	
   

	 
     ﬂ  ﬃ  ﬂﬃ ﬀ  

 


  ﬀ  
   ﬃ    

ﬂ   !ﬁ ﬀ    ﬃ    ﬁﬃ  

ﬂﬃ  ﬂ  	 ﬂ  	  !  	  k  ) ﬀ    
 ﬂ     ﬂ  !     ﬂ    ! 	    


 	 -*   ﬀ   ﬂﬃ  !     

  !   ﬂ  


 

 ! 
	



  


	



 











  


	













 
ﬂ ﬀ -*          ﬃ  

 

 
	  ﬂ    ! ﬀ  

 
  


	



  


	
 



 



 



 ﬀ



ﬀ

ﬁ





 



 ﬂ



ﬂ

ﬁ ﬃ


 
)   
	
  ﬀ



 





 

ﬀ    ﬁ  ﬃﬃ	 -*  
 	
	



  


	
 










  








 ﬀ




ﬀ




















 ﬂ




ﬂ

ﬁ


 k
3
ﬂ 	     

 

 ﬂﬃ  
	

 	

 


 
 ﬃ  -*  k    !  
	



  


	
 








ﬀ 

ﬂ
ﬂ





 !




  "





ﬀ#

ﬂ
ﬂ








ﬀ#

ﬂ
ﬂ

$
 




"






ﬀ#

ﬂ
ﬂ









ﬀ#

ﬂ
ﬂ


$ %


 
ﬀ  ! 	  ﬂ ﬂﬃ   
	


  &
	


'




'




  &
	


'




'


  

    	ﬁ  ! 	 ﬃ ﬃ  !+ 	  	  ﬂ 
ﬁ    ﬃ   
	



  


	  




  



 






  
!  *
 


 

   ! 
	
 

 













  

 

 



















 
"
   ﬁ * ﬀ


  ﬂ    !  ! ﬃ  

  ﬂ  ﬂ
	



















 
3
ﬂ  ﬃ     ﬂ  ﬃ ﬂ  ﬁﬁ ﬂ 
 ﬃ 


	



  


	



 





 
 








  
     

   



! ﬀ   ﬃ     	
	    ﬃ    


      ﬂ   ﬀ !      # $ 	   
  

         # $ 	 ﬀ  ! 	  ﬂ   ﬂ
	
# $

  

	 

  
 
 
             

  ) ﬂﬃ 
 

 

    # $ 	 ﬀ
  
ﬀ    	 -*   
k
           
  

 
 
  



  


	  

  
  


  



 

  
  




 k

 
  



  


	



 

  
  


  
 

  
  



 
 
ﬃ ﬁ
 ﬁ ﬀ  ! 	  !    ﬂ 
	


 
  


  


 
  




 






 
  




 
  




	







  
)  ﬂﬃ ﬀ

ﬀ    ﬃ   

ﬂ    
 
  
ﬀ !   ﬂﬃ ﬀ

ﬀ    ﬃ   

ﬂ      
  
 )  *

 ﬃ  
 ﬂ  	 *




ﬀ  !    ﬂﬃ   	 -*   ﬀ

   ﬃﬃ ﬂ  
	












  
) ﬃﬁ ﬃ    ﬂﬃ     !    ﬂﬃ
ﬂ  	   

ﬀ

ﬀ 

 -*   ﬂ 
	
 
  



  


	


 




 



   
 -*      !  
	
 
  



  


	





 




 


 ﬀ
 
  



  


	


 






 




 

)   ﬀ  ﬀ   	ﬁ   	ﬁ   ﬃ   ﬂﬃ
  ﬂﬃ  	
	

	

ﬂﬃ


	
ﬂﬃ ﬂﬃ


 
) ﬀ      
  


  
ﬀ ﬂﬃ  	 -*    	 !  
ﬂﬃ  	   ! 	 ﬃ   ﬂ 'ﬃ  
	
 

  


  

	






 









 





 

 



 

 

ﬁ


  
 	   
 


 

ﬂ -*       ﬀ  ﬁ ﬃ
ﬂ 
	
 

  


  

	








"



























 














 






$


 
 	   ﬂ ﬂﬃ     
	
"
ﬂ 
	







 
 ﬃ   ﬂ 'ﬃ     !  
	
 

  


  

	







"





















"
ﬂ






 





$


 
ﬀ 	  	ﬂ 
	


 

&
	
 

 

 & 



 

&
	
 

 

 & 

 
   +  ! 	 ﬂ
	
 

  


  

	








 







 






 




"
ﬂ

 






  

"
    

  


  
ﬀ  ﬂ  ﬃ      ﬃ
   ﬃ  


ﬀ   ! ﬂﬃ	 -*    -*    
	
 

  


  

	








 







 






 



 "
ﬂ  






  
) 'ﬂ     ﬁ *  ﬂ 	 
"
ﬂ  
ﬃ    ﬀ  !  ﬁ   !     
# $ ﬁ    ﬂ ﬂ 
) ﬂ 'ﬃ  # $ ﬂﬂﬀ      ﬀ !       
    ﬃ      # $ 	  ﬂﬃ     
  ﬃ 

   # $ 	 ﬀ    ! 
	
   

  
  


  


 

  


  

 

  


  


 

  


  

  
!  ﬂ    ﬂﬃ  ﬂ 
     %	 -*'
               ﬂﬂ   
! 	 ﬃ
	
    
	
 





  





"
ﬂ

 



 







 
%ﬁ	 
"
ﬂ

 -*   	ﬁ ﬂ    ﬃ	 (5&
ﬂ     ﬃ 
) ﬂﬃ -*     ﬃ   !




 
 
	
 
 
 
 
 


 
 
 
 
 
	
 
 
 
 
 
 
  




 
  




 
 
 
 
 

 

 
!       ﬂ  ﬂ  *+ ﬂ  	 ﬂ  !  '
      
  


  
 

  


  
  	 -*  
   !   ﬃﬃ ﬂ  






  -*   ﬀ

 
 
ﬃ ﬂﬃ 
	



	
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 


 
 
 
 
 

 

  
! ﬂ 
"
ﬂ    ! 
"
ﬂ 
	

"
ﬂ 




 
3
ﬃﬃ	          !  ! 	ﬂ 
	


 

&



&
	
 



   &  &
	
 &

 
 ﬃ      -*        ﬂ  ﬂ ﬂﬃ
	
 

  


  

	







 

"
ﬂ

 




 

 

  


  

	







 
 "
ﬂ

 





 
      
  


  
 

  


  
ﬃ   
ﬃ  ﬀ




ﬀ   ﬃ ﬀ




ﬀ     
 ﬀ  

"
ﬂ

 


 ﬀ !  
 
	
	 	     )  ﬀ    
    	   ﬃ      	  ﬂ        
 	   

 ﬃﬁ   

"
ﬂ

 


   '
 
) ﬂ 'ﬃ  # $ ﬂﬂﬀ     ﬀ   	ﬁ   ﬂﬃ '
ﬃ
	
   

  
  


  


 

  


  

 

  


  


 

  


  



"
ﬂ

 





  
) ﬂﬂ        ﬃﬃ   *
"
ﬂ

!
      (5& ﬂ ﬂ    	    	 ﬀ
 !   *


!  +!   ! !    ﬂ  ﬃﬂ '
 ) ﬂ 	  ﬂﬂ   
 
 !  !     
(5& ﬂ  	  ﬃ 
 
) ﬁ ﬂ   !  # $ ﬁ     ﬂ 
ﬂ    !  ﬂﬃ      ﬂﬃ  
 ﬃ	 	 ﬃ'ﬃ ﬂ  	  	      
 ﬂﬃ
 	 ! ! ﬃ     ﬂ  # $  
3
 
ﬃ !  -*    ﬀ      ﬂ 	 ﬃ 	
 !    !      


°Β
°Β

f
CP
(a)
mixing indirect
decay °Β
°Β

f
CP
(b)
mixing indirect
decay
direct decay direct decay
   
	
%!     ! # $ ﬁ     ﬂ
ﬂ  ﬂ    !  ﬂﬃ     
ﬂﬃ     ﬃ  	 ﬂ  	  )   '
 ﬂ 	 ﬃ 	  !    !   

ﬃ   
 

ﬃ 
  	 
   
     

	 
)ﬀ ﬁﬂﬃ+  ! "ﬃ ﬁ # #ﬀ$ﬂ% &ﬀﬂ$ﬁ" ﬃ ﬁ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀﬃ ﬁﬂﬁ "* +*ﬀ ﬁﬀ ﬂ,,& ,&"ﬂﬁﬀ
-
5. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ 1   #ﬀ$ﬂ%ﬃ ﬂ&ﬀ  2*" 3ﬃ $ﬂ#"#ﬂﬁﬀﬃ 2 ﬀ$ﬂ3ﬃﬀ ﬁﬀ% "* +*ﬀ ﬁﬀ 4
*3ﬂ&+ ,& $ﬀﬃﬃ ﬁﬂﬁ "ﬃ &ﬀ*3"&ﬀ# ﬁ )"*ﬀ "5 &/ ﬂﬁ"  ﬂ2 3ﬁ ﬁﬀ / ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁ  6

1 )&ﬀﬀ
 /ﬀﬃ  #ﬀ$ﬂ% / #ﬀﬃ ﬁﬂﬁ ! "++ 2 ﬀ $ ﬃ"#ﬀ&ﬀ# ﬂ&ﬀ 7
8
 




 9
7
8
 
 :
;
 
<
9
ﬂ# 7
8




 

<
1 =ﬀ  &ﬃﬁ ﬁ! #ﬀ$ﬂ%ﬃ 3ﬃﬀ ﬂ 

/ﬀﬃ  !"$ "$ &,  &ﬂﬁﬀﬃ ﬂ 4 ﬂ#
  
 3ﬂ&
9
!ﬀ&ﬀﬂﬃ " ﬁﬀ ﬁ"&# #ﬀ$ﬂ%
9
4 3ﬂ& ,& $ﬀﬃﬃﬀﬃ ﬂ&ﬀ ﬃﬁ3#"ﬀ# 3ﬃ") 


/ﬀﬃ ﬃ
!"$ ﬂ&ﬀ / ﬂ#ﬀ  5 ﬂ 4 ﬂ#  3ﬂ& 1

ﬀ$ﬂ3ﬃﬀ ﬁﬀﬃﬀ #ﬀ$ﬂ%ﬃ ﬂ&ﬀ
-
5. ﬃ3,,&ﬀﬃﬃﬀ#
9
ﬁﬀ
,& 2ﬂ2"+"ﬁ%  5 #ﬀ$ﬂ%  & 2&ﬂ$") &ﬂﬁ" " ﬀﬂ$ $ﬂﬃﬀ "ﬃ *ﬀ&% ﬃ/ ﬂ++
9
  ﬁﬀ  &#ﬀ&  5   

1
=ﬀ 5ﬂ$ﬁ ﬁﬂﬁ ﬁﬀ ,& $ﬀﬃﬃﬀﬃ 3#ﬀ& $ ﬃ"#ﬀ&ﬂﬁ"  ﬂ&ﬀ &ﬂ&ﬀ #ﬀ$ﬂ%ﬃ ! "++ ﬂ*ﬀ ﬂ ﬃﬁ& )
"3ﬀ$ﬀ   ﬁﬀ ﬀ0,ﬀ&"/ ﬀﬁ !"$ ! "++ 2 ﬀ #"ﬃ$3ﬃﬃﬀ# " ﬁﬀ ﬀ0ﬁ $ﬂ,ﬁﬀ& 1
     

 	 

 
=ﬀ ﬀ%/ ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  





"ﬃ )"*ﬀ "  ")3&ﬀ  1
9
!ﬀ&ﬀ "ﬁ "ﬃ
ﬀ* "#ﬀﬁ ﬁﬂﬁ ﬁﬀ ﬂ/,+"ﬁ3#ﬀ
9
 
  




#ﬀ,ﬀ#ﬃ   ﬁﬀ
-
5. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  

6

ﬂ#
 6

1
b
d
u
d
u
d
W









Β°
pi+
pi−
 

Vub
∗
Vud
+
   
	
ﬀ%/ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  





1 =ﬀ ﬂ/,+"ﬁ3#ﬀ 5 & ﬁ"ﬃ
,& $ﬀﬃﬃ ! "++ #ﬀ, ﬀ#   ﬁﬀ
-
5. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  6

ﬂ#  6

1  ﬀ$ﬂ++ ﬁﬂﬁ " ﬁﬀ
 +5ﬀﬃﬁﬀ" ,ﬂ&ﬂ/ﬀﬁﬀ&"
ﬂﬁ" 
9
 6

"ﬃ ﬀ0, ﬀ$ﬁﬀ# ﬁ #ﬀ, ﬀ#   ﬁﬀ $ /,+ﬀ0 ,ﬂﬃﬀ 1
 ﬃ") -3ﬂﬁ"   1 
9
ﬁﬀ $ ﬀ$ﬁ"  2ﬀﬁ!ﬀﬀ /

ﬂ# ﬁﬀ 3ﬂ& /"0") ﬀ+ﬀ/ ﬀﬁﬃ  5
ﬁﬀ
-
5. /ﬂﬁ&"0 "ﬃ ﬀﬃﬁﬂ2+"ﬃﬀ# 2% &ﬀ$ﬂ++") ﬁﬂﬁ ﬃ"$ﬀ ﬁﬀ / ﬂﬃﬃ / ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁ
9


9
5& / ﬁﬀ  ﬂ/ "+ﬁ "ﬂ #ﬀﬃ$&"2 ﬀﬃ 




/"0")  ")3&ﬀ  1
9
"ﬁ ! "++ ﬂ*ﬀ ﬁﬀ 5 ++ ! ")

#ﬀ, ﬀ#ﬀ$ﬀ
	

 	
  

 


  
 1 
=ﬀ&ﬀ5 &ﬀ
9
ﬁﬀ ﬀ0,&ﬀﬃﬃ"  5 &  2ﬀ$ / ﬀﬃ
	

 
 

#
	








	

 


 

 

 

 

 	

 6

 

6

 

6

 6






	

 

 


 6

 

6
 

 6

 

6

 

 

 

 
 1  
=ﬀ ﬀ0,&ﬀﬃﬃ"  5 & /

$ﬂ 2 ﬀ ! &"ﬁﬁﬀ " ﬁﬀ&/ ﬃ  5 ﬁﬀ 3"ﬁﬂ&"ﬁ% ﬂ)+ﬀ  2%  &ﬃﬁ $ 
ﬃ"#ﬀ&") ﬁﬀ 5 ++ ! ") &ﬀﬃ3+ﬁ 5& / $ /,+ﬀ0 ﬂﬂ+%ﬃ"ﬃ 1  & ﬂ $ /,+ﬀ0 3/2ﬀ& 
	 

'
!ﬀ&ﬀ & &ﬀ,&ﬀﬃﬀﬁﬃ ﬁﬀ ﬂ)+ﬀ ﬁ ﬁﬀ &ﬀﬂ+ ﬂ0 "ﬃ
9
ﬁﬀ 3ﬂﬁ"ﬁ% /

$ﬂ 2 ﬀ ! &"ﬁﬁﬀ ﬂﬃ  
	
/





	
/

 

'



'

	
/ 




'
	
/ $ ﬃ &


ﬃ" & 
	
ﬃ" &
 
 1
=ﬀ&ﬀ5 &ﬀ
9
3ﬃ") ﬁﬀ &ﬀ+ﬂﬁ" ﬃ", 5 & ﬃ"  5 3# " 3ﬂﬁ"   1
	
/

	
/ 

 

 


 6

 

6
 

 6

 

6

 

 

 
 
	
ﬃ" 
 
 1
=3ﬃ
9
ﬁﬀ ﬁ"/ ﬀ#ﬀ,ﬀ#ﬀﬁ ﬂﬃ%//ﬀﬁ&% 5 & ﬁﬀ #ﬀ$ﬂ%  





,& *"#ﬀﬃ "5 &/ ﬂﬁ" 
ﬂ2 3ﬁ ﬁﬀ 3"ﬁﬂ&"ﬁ% ﬂ)+ﬀ  " ﬁﬀ 5 ++ ! ") / ﬂﬀ&
	
 



 

#
	

/

ﬃ" 



	

ﬃ"   ﬃ" 



 
 1
      


	  


=ﬀ ﬀ%/ ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  
 :
;
 
<
)"*ﬀ "  ")3&ﬀ  1ﬀ ﬃ ! ﬃ ﬁﬂﬁ ﬁﬀ
ﬂ/,+"ﬁ3#ﬀ
9
 
  




#ﬀ, ﬀ#ﬃ   ﬁﬀ
-ﬁ
. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  


ﬂ#  


1

b
d



Β°
W





c
c
s
d





V
∗
cb
Vcs
J ψ
Κ°
+
⁄
    
	
ﬀ%/ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  
 :
;
 
<
1 =ﬀ ﬂ/,+"ﬁ3#ﬀ 5 & ﬁ"ﬃ
,& $ﬀﬃﬃ ! "++ #ﬀ, ﬀ#   ﬁﬀ
-ﬁ
. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  

ﬂ#  


1

ﬃ " ﬀ$ﬁ"   1 1 
9

! "++ #ﬀ, ﬀ#  
-ﬁ
. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ #ﬀﬃ$&"2")    

/"0") ﬂ#  #ﬀ$ﬂ%   !ﬀ*ﬀ&
9
" ﬁ"ﬃ $ﬂﬃﬀ
9
ﬂ ﬀ0ﬁ&ﬂ 5ﬂ$ﬁ & ! "++ ﬂ*ﬀ ﬁ 2 ﬀ "$+3#ﬀ# "

ﬁ ﬂ$$ 3ﬁ 5 & ﬁﬀ    

/"0") 1  "$ﬀ / "0 ") " ﬁﬀ ﬂ  ﬃ%ﬃﬁﬀ/ "ﬃ ﬀ0, ﬀ$ﬁﬀ# ﬁ 
2 ﬀ # / "ﬂﬁﬀ# 2% ﬁﬀ $ﬂ&/ 3ﬂ& ﬃﬀﬀ  ")3&ﬀ  1
9
ﬁﬀ ﬂ##"ﬁ" ﬂ+




5ﬂ$ﬁ & ! "++ ﬂ*ﬀ
ﬁﬀ 5 ++ ! ") 5 &/
	





  	







	
 


 


 

 



 
 1
-
 /2"") ﬁﬀﬃﬀ $ ﬁ&"23ﬁ" ﬃ 5& / ﬁﬀ  ﬂ#  /ﬀﬃ ﬃ
9

5 & ﬁﬀ #ﬀ$ﬂ%  

:
;


<
"ﬃ )"*ﬀ ﬂﬃ

  
	




	

 


 

 

 

 

 	

 

 



 


 








 


 


 

 




  	
	

 

 


 

 

 


 

 


 


 


  
 1
 ﬃ") ﬂ ﬀ0,&ﬀﬃﬃ"  ﬃ"/ "+ﬂ& ﬁ 3ﬂﬁ"   1 
/





	
/




'
 

'

	
/ 




'


	
/

$ ﬃ &


ﬃ" & 
	

ﬃ" &


 1
! "ﬁ ﬁﬀ #ﬀ"ﬁ"   5   " 3ﬂﬁ"   1
9
ﬁﬀ ﬀ0,&ﬀﬃﬃ"  5 & ﬁﬀ "/ ﬂ)"ﬂ&% ,ﬂ&ﬁ  5 
2ﬀ$ / ﬀﬃ 
/ 
	
/ 

 

 


 

 

 


 

 


 


 



	

ﬃ"  
  
 1
=ﬀ&ﬀ5 &ﬀ
9
ﬁﬀ ﬁ"/ ﬀ#ﬀ, ﬀ#ﬀﬁ ﬂﬃ%//ﬀﬁ&% 5 & ﬁﬀ #ﬀ$ﬂ%  
 :
;
 
<
"ﬃ





 
	




	

/  ﬃ"




	

ﬃ"

   ﬃ"




  
 1ﬀ
     



	   

=ﬀ ﬀ%/ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  

 
 
<
)"*ﬀ "  ")3&ﬀ  1   ﬃ ! ﬃ ﬁﬂﬁ
 
  




#ﬀ,ﬀ#ﬃ   ﬁﬀ
-ﬁ
. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  

6

ﬂ#  6

1
b




Β°
W



s
d





V
∗
V
Κ°
+
s
u
u
ρ°
ub
ud
s
  	  
  ﬀ%/ ﬂ #"ﬂ)&ﬂ/ 5 & ﬁﬀ #ﬀ$ﬂ%  

 
 
<
1 =ﬀ ﬂ/,+"ﬁ3#ﬀ 5 & ﬁ"ﬃ
,& $ﬀﬃﬃ ! "++ #ﬀ, ﬀ#   ﬁﬀ
-ﬁ
. /ﬂﬁ&"0 ﬀ+ﬀ/ ﬀﬁﬃ  6

ﬂ#  6

1  ﬀ$ﬂ++ ﬁﬂﬁ " ﬁﬀ
 +5ﬀﬃﬁﬀ" ,ﬂ&ﬂ/ﬀﬁﬀ&"ﬂﬁ" 
9
 6

"ﬃ ﬀ0, ﬀ$ﬁﬀ# ﬁ #ﬀ, ﬀ#   ﬁﬀ $ /,+ﬀ0 ,ﬂﬃﬀ 1

$ﬀ ﬂ)ﬂ"
9
2 ﬀ$ﬂ3ﬃﬀ  5 ﬁﬀ  / "0") "* +*ﬀ# " ,& #3$") ﬁﬀ

ﬂ,,& 0 "/ ﬂﬁﬀ ' (
ﬀ")ﬀﬃﬁﬂﬁﬀﬃ
9

! "++ "$+3#ﬀ ﬁﬀ ﬃﬂ/ﬀ ﬂ##"ﬁ" ﬂ+ $ ﬁ&"23ﬁ"  ﬁﬂﬁ !ﬂﬃ ﬀﬀ#ﬀ# 5 & ﬁﬀ

#ﬀ$ﬂ% 
  :
;


<
" ﬀ$ﬁ"   1 1 1   !ﬀ*ﬀ&
9
ﬃ"$ﬀ ﬁ"ﬃ #ﬀ$ﬂ% "* +*ﬀﬃ 


9
ﬁﬀ 
/"0") $ ﬁ&"23ﬁ"  ﬁ  ! "++ "$+3#ﬀ  


&ﬂﬁﬀ& ﬁﬂ  



 
 
 




	

 


 


 

 





 
  	

 6

 

6

 

6

 6







 



 

 


 

 
 	
  
 1ﬀ 
& / ﬁﬀ  +5ﬀﬃﬁﬀ" ,ﬂ&ﬂ/ﬀﬁﬀ&"ﬂﬁ"  " 3ﬂﬁ"   1 
9

 



ﬂﬃ ﬁﬀ ,ﬂ&ﬂ/ﬀﬁﬀ&"ﬀ#
5 &/ ﬁﬂﬁ

 


ﬂﬃ
9
!"$ / ﬀﬂﬃ ﬁﬂﬁ ﬁﬀ 5 ++ ! ") ﬂ,,& 0 "/ ﬂﬁ"  $ﬂ 2 ﬀ /ﬂ#ﬀ 
 


 




 

 


  
 1ﬀ  
. &ﬀ *ﬀ&
9
 

9
 

9
 


9
ﬂ&ﬀ ﬂ++ ﬂ,,& 0 "/ ﬂﬁﬀ+% &ﬀﬂ+ 3ﬂﬁ"ﬁ"ﬀﬃ
9
ﬁﬀ&ﬀ5 &ﬀ ﬁﬀ "/ ﬂ)"ﬂ&%
,ﬂ&ﬁ  5

$ﬂ 2ﬀ ! &"ﬁﬁﬀ " ﬁﬀ&/ ﬃ  5 ﬁﬀ 3"ﬁﬂ&"ﬁ% ﬂ)+ﬀ  3ﬃ") 3ﬂﬁ"   1 ﬂ# ﬁﬀ
#ﬀ"ﬁ"   5  " 3ﬂﬁ"   1 ﬂﬃ 5 ++ ! ﬃ 
/

	
/


 6

 

6

 

 

 


 6

 

6

 

 

 

	

ﬃ" 
  
 1ﬀ
="ﬃ " ﬁ3& +ﬀﬂ#ﬃ ﬁ ﬂ ﬁ"/ ﬀ#ﬀ,ﬀ#ﬀﬁ ﬂﬃ%//ﬀﬁ&% 5 & ﬁﬀ #ﬀ$ﬂ%  

 
 
<
 5 ﬁﬀ
5 &/ 



 
 
 




	

/

ﬃ"




	

ﬃ"

  ﬃ"




  
 1ﬀ
    

=ﬂ2+ﬀ  1 "ﬃ ﬂ ﬃ3//ﬂ&%  5 ﬁﬀ /  ﬃﬁ &ﬀ+ﬀ*ﬂﬁ "5 &/ ﬂﬁ"  5 & ﬀﬂ$  5 ﬁﬀ ,& , ﬃﬀ#
#ﬀ$ﬂ%ﬃ
9
"$+3#") ﬁﬀ 2&ﬂ$") &ﬂﬁ" ﬂ# ﬁﬀ 3"ﬁﬂ&"ﬁ% ﬂ)+ﬀ ﬁﬂﬁ "ﬁ "ﬃ 2 ﬀ") 3ﬃﬀ# ﬁ 
ﬃﬁ3#%1

       	 
 
   
   
 
 





4
 
   1ﬀ   


ﬂﬁ ﬀ
-
1 1 ﬃ" 
 
 :
;
 
<
4
 


 1

 1    


ﬃ"  



 


<
4
 
  1   


ﬂﬁ ﬀ
-
1 1

ﬃ" 
ﬀ
ﬁ 	  	  =ﬂ2+ﬀ "#"$ﬂﬁ") ﬁﬀ &ﬀ+ﬀ*ﬂﬁ #ﬀ$ﬂ% "5 &/ ﬂﬁ"  ﬂ# ' ( ,%ﬃ"$ﬃ 5 & ﬀﬂ$
 5 ﬁﬀ ,& ,  ﬃﬀ# #ﬀ$ﬂ%ﬃ 1 =ﬀ 2&ﬂ$") &ﬂﬁ" ﬃ 5 & ﬁﬀ &ﬀﬃ, ﬀ$ﬁ"*ﬀ #ﬀ$ﬂ%ﬃ !ﬀ&ﬀ  2ﬁﬂ"ﬀ#
5& / ﬁﬀ *ﬂ+3ﬀﬃ ,32+"ﬃﬀ# 2% ﬁﬀ ﬂﬂ&ﬁ"$+ﬀ  ﬂﬁﬂ ﬃ & 3,  1
  
	
  


  
="ﬃ $ﬂ,ﬁﬀ& ! "++ ﬃﬀ&*ﬀ ﬁ )"*ﬀ ﬂ  *ﬀ&*"ﬀ!  5 ﬁﬀ  #ﬀﬁﬀ$ﬁ & ﬁﬂﬁ ! "++ 2 ﬀ 3ﬃﬀ# ﬂﬁ
ﬁﬀ 

- 
ﬂ$ﬁ &%
9
")+")ﬁ") ﬃ /ﬀ  5 ﬁﬀ / ﬂ" / ﬁ"*ﬂﬁ" ﬃ 5 & ﬁﬀ ,&ﬀﬃﬀﬁ #ﬀﬃ") 1

ﬃ  3ﬁ+"ﬀ# "
-
ﬂ,ﬁﬀ& 
9
ﬁﬀ ﬃﬁ3#%  5 ' ( *" +ﬂﬁ"  " ﬁﬀ  /ﬀﬃ  ﬃ%ﬃﬁﬀ/ "* +*ﬀﬃ
/ ﬀﬂﬃ3&") ﬁﬀ ﬂﬃ%//ﬀﬁ&"ﬀﬃ " ﬁﬀ #ﬀ$ﬂ%ﬃ  5   ﬂ# 

/ﬀﬃ ﬃ ﬁ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀﬃ 1
=ﬀ ,%ﬃ"$ﬃ &ﬀ3"&ﬀ/ ﬀﬁﬃ " ﬃ3$ ﬂ ﬀ0, ﬀ&"/ ﬀﬁ "$+3#ﬀ ﬁﬀ ﬂ2"+"ﬁ% ﬁ ,& #3$ﬀ 
/ﬀﬃ ﬃ
9
ﬁﬀ ﬂ2"+"ﬁ% ﬁ &ﬀ$ ﬃﬁ&3$ﬁ  /ﬀﬃ  #ﬀ$ﬂ%ﬃ ﬁ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀﬃ
9
ﬂ# ﬁﬀ ﬂ2"+"ﬁ%
ﬁ / ﬀﬂﬃ3&ﬀ ﬁﬀ &ﬀ+ﬂﬁ"*ﬀ #ﬀ$ﬂ% ﬁ"/ ﬀﬃ  5 ﬁﬀ ﬁ!  /ﬀﬃ ﬃ 1

ﬃ ! "++ 2 ﬀ  3ﬁ+"ﬀ# 2 ﬀ+ !
" / &ﬀ #ﬀﬁﬂ"+
9
ﬁﬀ  &ﬃﬁ  5 ﬁﬀﬃﬀ &ﬀ3"&ﬀ/ ﬀﬁﬃ / ﬂ% 2ﬀ 53+ ++ﬀ# ﬂﬁ ﬂ






$ ++"#ﬀ&
9
ﬁﬀ
ﬃﬀ$ # &ﬀ3"&ﬀ/ ﬀﬁ 2% ﬂ ") +3/ " ﬃ"ﬁ% 2 ﬀﬂ/ 5ﬂ$"+"ﬁ%
9
ﬂ# ﬁﬀ ﬁ"&# 2% ﬀ/,+ %")
ﬂﬃ%//ﬀﬁ&"$ 2 ﬀﬂ/ ﬀﬀ&)"ﬀﬃ 1
   
  ﬀ 
     ﬁﬂﬂ  ﬃ 
=ﬀ 2ﬀﬂ/ 5ﬂ$"+"ﬁ% ﬂﬁ 

-
ﬁﬂﬁ ! "++ 2 ﬀ 3ﬃﬀ# " ﬁﬀ

ﬂ$ﬁ &% ﬀ0, ﬀ&"/ ﬀﬁ "ﬃ ﬂﬂ 
9
ﬂ# "ﬃ "++3ﬃﬁ&ﬂﬁﬀ# "  ")3&ﬀ  1   1 ﬂﬂ  "ﬃ ﬂ ﬂﬃ%//ﬀﬁ&"$






ﬃﬁ &ﬂ)ﬀ &") " !"$
ﬀ ﬃ ﬀ ﬀ+ﬀ$ﬁ& ﬃ $ ++"#ﬀ ! "ﬁ  1  ﬃ ﬀ , ﬃ"ﬁ& ﬃ ﬁ ﬂ""+ﬂﬁﬀ 1 =ﬀ ""ﬁ"ﬂ+ ﬀﬀ&)% 5& /
ﬁ"ﬃ $ ++"ﬃ"  ﬁﬀ ) ﬀﬃ "ﬁ $&ﬀﬂﬁ")  ﬁﬀ& ﬂ+ ﬃﬁﬂﬁﬀ ,ﬂ&ﬁ"$+ﬀﬃ #3ﬀ ﬁ ﬁﬀ ﬀ3"*ﬂ+ﬀ$ﬀ

 
 5 / ﬂﬃﬃ ﬂ# ﬀﬀ&)% ﬃﬁﬂﬁﬀ# " ﬁﬀ ﬀ3ﬂﬁ" 
9 
	


1
 +ﬀ$ﬁ& ﬃ

#ﬀ ﬁﬀ# 2% #ﬂ& ,ﬂ&ﬁ"$+ﬀﬃ "  ")3&ﬀ  1   ,& #3$ﬀ# " ﬁﬀ ﬀ+ﬀ$ﬁ&  )3
 &ﬃﬁ ,ﬂﬃﬃ ﬁ& 3) ﬂ #ﬂ/,") &")
9
ﬁﬀ ,3&,  ﬃﬀ  5 !"$ "ﬃ ﬁ ﬂ&& ! ﬁﬀ ﬀﬀ&)% ﬃ, ﬀ$
ﬁ&3/ ﬃ ﬁﬂﬁ ﬁﬀ ﬀﬀ&)"ﬀﬃ  5 ﬁﬀ ﬀ+ﬀ$ﬁ& ﬃ ﬂ&ﬀ 2 ﬀﬁﬁﬀ& #ﬀﬀ# 1 =ﬀ ﬀ+ﬀ$ﬁ& ﬃ ﬂ&ﬀ ﬁﬀ
ﬂ$$ﬀ+ﬀ&ﬂﬁﬀ# ﬂ+ ) ﬂ  / "+ﬀ + ) "  ﬀ$ﬁ & +"ﬀ 1

+ ) ﬁﬀ !ﬂ%
9
ﬃ / ﬀ  5 ﬁﬀ ﬀ+ﬀ$ﬁ& ﬃ ﬂ&ﬀ
#"&ﬀ$ﬁﬀ# ﬂ!ﬂ% 5& / ﬁﬀ / ﬂ" 2ﬀﬂ/ +"ﬀ ﬂ# ﬂ&ﬀ 3ﬃﬀ# ﬁ ,& #3$ﬀ , ﬃ"ﬁ& ﬃ

#ﬀ ﬁﬀ# 2%
!"ﬁﬀ ,ﬂ&ﬁ"$+ﬀﬃ " ﬁﬀ #"ﬂ)&ﬂ/  2% ﬂ++ ! ") ﬁﬀ ﬀ+ﬀ$ﬁ& ﬃ ﬁ ﬃﬁ&"ﬀ ﬂ /ﬀﬁﬂ+ ﬁﬂ&)ﬀﬁ "
ﬁﬀ &ﬀ)"  +ﬂ2 ﬀ+ﬀ# , ﬃ"ﬁ&  ﬃ 3&$ﬀ 1

$ﬀ ﬁﬀ ,  ﬃ"ﬁ& ﬃ ﬂ&ﬀ $&ﬀﬂﬁﬀ#
9
ﬁﬀ% ﬁ&ﬂ*ﬀ+ 2ﬂ$
ﬂ+ ) ﬁﬀ , ﬃ"ﬁ&  &ﬀﬁ3& +"ﬀ ﬃ ﬁﬂﬁ ﬁﬀ% $ﬂ ﬀﬁﬀ& ﬁﬀ  ﬁﬀ& #ﬂ/,") &") 1 3ﬃﬁ ﬂﬃ
ﬁﬀ , ﬃ"ﬁ& ﬃ ﬂ&ﬀ ﬀ/ ﬀ&)") 5& / ﬁﬀ"& #ﬂ/,") &")
9
ﬂ $ &&ﬀﬃ,  #") 23$  5 ﬀ+ﬀ$
ﬁ& ﬃ "ﬃ # ") ﬁﬀ ﬃﬂ/ﬀ
9
ﬂ# ﬁ )ﬀﬁﬀ&
9
" ﬁﬀ ﬃﬂ/ ﬀ 2ﬀﬂ/ +"ﬀ
9
ﬁﬀ% ﬂ$$ﬀ+ﬀ&ﬂﬁﬀ ﬁ !ﬂ&#
ﬁﬀ ﬃﬁ &ﬂ)ﬀ &")ﬃ ﬂﬁ ﬁﬀ ﬀ#  5 ﬁﬀ "  ﬀ$ﬁ & +"ﬀ 1

,ﬂ&ﬁ"$+ﬀ #ﬀﬁﬀ$ﬁ & "ﬃ , +ﬂ$ﬀ# ﬂﬁ ﬁﬀ
, "ﬁ !ﬀ&ﬀ ﬁﬀ ﬀ+ﬀ$ﬁ&  2 ﬀﬂ/ ﬂ# , ﬃ"ﬁ&  2 ﬀﬂ/ $ ++"#ﬀ 1
ﬃﬁﬀﬂ#  5 $ ++"#") ﬀ+ﬀ$ﬁ& ﬃ ﬂ# , ﬃ"ﬁ& ﬃ  ﬀ ﬂﬁ ﬂ ﬁ"/ ﬀ
9
"ﬁ "ﬃ /3$ ﬀﬂﬃ"ﬀ& ﬁ #"&ﬀ$ﬁ


  	
  5 ﬀ+ﬀ$ﬁ& ﬃ ﬂﬁ


  	
  5 ,  ﬃ"ﬁ& ﬃ ﬁ "$&ﬀﬂﬃﬀ ﬁﬀ $ﬂ$ﬀ  5 ﬂ ﬃ3$$ﬀﬃﬃ53 +
$ ++"ﬃ"  1

ﬁ 

-
9
ﬀ+ﬀ$ﬁ& ﬃ ﬂ# , ﬃ"ﬁ& ﬃ ﬂ&ﬀ ,& #3$ﬀ# " 23$ﬀﬃ  5      ﬂ#
   

&ﬀﬃ, ﬀ$ﬁ"*ﬀ+%
9
ﬂ# ﬀﬂ$ 23$ "ﬃ ﬃﬀ,ﬂ&ﬂﬁﬀ# 2% ﬂ,,& 0 "/ ﬂﬁﬀ+%   /    1
*ﬀ 3ﬃ") 23$ﬀﬃ  5 ,ﬂ&ﬁ"$+ﬀﬃ
9
"ﬁ "ﬃ  5ﬁﬀ *ﬀ&% #" $3+ﬁ ﬁ $&ﬀﬂﬁﬀ $ #"ﬁ" ﬃ " !"$
ﬂ ﬀ+ﬀ$ﬁ& ﬃ 5& /  ﬀ #"&ﬀ$ﬁ"  ! "++ $ ++"#ﬀ ! "ﬁ , ﬃ"ﬁ& ﬃ $ / ") " ﬁﬀ  ﬁﬀ& #"&ﬀ$ﬁ"  1
 !ﬀ*ﬀ&
9
3ﬃ") ﬂ &") 5ﬂ$"+"ﬁ% / ﬀﬂﬃ ﬁﬂﬁ "5 ﬂﬁ  &ﬃﬁ ﬁﬀ ﬁ! 23$ﬀﬃ  5 ,ﬂ&ﬁ"$+ﬀﬃ #  ﬁ
ﬂ""+ﬂﬁﬀ
9
ﬁﬀ% $ﬂ 2 ﬀ &ﬀ$%$+ﬀ# 5 & ﬂ ﬁﬀ& $ ++"ﬃ"  ﬂﬁﬁﬀ/,ﬁ 1

+ﬃ 
9
ﬁﬀ / ﬂ)ﬀﬁﬃ 3ﬃﬀ#
ﬁ 5 $3ﬃ ﬁﬀ ﬁ! ,ﬂ&ﬁ"$+ﬀ 2 ﬀﬂ/ ﬃ ﬂ&ﬀ + $ﬂﬁﬀ# *ﬀ&% ﬀﬂ& ﬁ ﬁﬀ "ﬁﬀ&ﬂ$ﬁ"  &ﬀ)" 
9
ﬂ++ ! ")
5 & *ﬀ&% ﬂ$$3&ﬂﬁﬀ , ﬃ"ﬁ" ") 1 =ﬀ 2ﬀﬂ/ ﬃ"ﬀ ﬂﬁ ﬁﬀ "ﬁﬀ&ﬂ$ﬁ"  , "ﬁ "ﬃ  1 /   
/   1
ﬃ "*ﬀ ﬃ3 $"ﬀﬁ ﬀﬀ&)%
9
ﬁﬀ $ ++"#") ﬀ+ﬀ$ﬁ&  ﬂ# , ﬃ"ﬁ&  2ﬀﬂ/ ﬃ /ﬂ% ,& #3$ﬀ ﬂ &ﬀﬃ
 ﬂ$ﬀ ,ﬂ&ﬁ"$+ﬀ
9
ﬁﬀ 


9
!"$ ﬂﬃ ﬂ / ﬂﬃﬃ  5   1  ﬃ ﬀ $

 1 =ﬀ 

 ! "++ "
 ﬀ
on
Electrons
P
Electrons
P it s
g
 
L
 
    
 
   
      
 
   
 
     
   
     
 
   
  
  
   
  
 
 
t t
 d p sitr ns 
r g  
ll on
Gun
Electron
Elec
tron
s
Damping
Rings
Positron
Return Line
Electrons
ositrons
Positron
Source
High Energy Ring
(upgrade to existing ring)
Low Energy Ring
(new) BABAR Detector
Inje
ctor
Electrons
Positrons
    

   ! "ﬃ ﬂ ,"$ﬁ3&ﬀ  5 ﬁﬀ ﬂﬂ  ﬃﬁ &ﬂ)ﬀ &") 5ﬂ$"+"ﬁ% ﬂﬁ 

-
1  +ﬀ$ﬁ& ﬃ
ﬂ# , ﬃ"ﬁ& ﬃ ﬂ&ﬀ ﬂ$$ﬀ+ﬀ&ﬂﬁﬀ# ﬂ+ ) ﬁﬀ "  ﬀ$ﬁ & +"ﬀ
9
ﬀﬁﬀ& ﬁﬀ ﬃﬁ &ﬂ)ﬀ &")ﬃ
9
ﬂ# $ ++"#ﬀ
" ﬁﬀ ,ﬂ&ﬁ"$+ﬀ #ﬀﬁﬀ$ﬁ & 1
ﬁ3& #ﬀ$ﬂ% ﬂ,,& 0 "/ ﬂﬁﬀ+% ﬂ+5  5 ﬁﬀ ﬁ"/ ﬀ ﬁ ﬁ! ﬀ3ﬁ&ﬂ+  /ﬀﬃ ﬃ
9
ﬀﬂ$ ﬂ*") ﬂ
/ﬂﬃﬃ  5  1ﬀ ﬃ ﬀ $

 




 








  
 
1ﬀ 
 "$ﬀ ﬁﬀ / ﬂﬃﬃ  5 ﬁﬀ 

 "ﬃ  +% / ﬂ&)"ﬂ++% )&ﬀﬂﬁﬀ& ﬁﬂ ﬁﬀ $ /2"ﬀ# / ﬂﬃﬃ  5 ﬁ! 
 /ﬀﬃ ﬃ
9
ﬁﬀ   ﬂ# 

,& #3$ﬀ# " ﬁﬀ #ﬀ$ﬂ% ! "++ ﬂ*ﬀ ﬀ)+")"2 +ﬀ /  / ﬀﬁ3/ " ﬁﬀ
$ﬀﬁ&ﬀ  5 / ﬂﬃﬃ 5&ﬂ/ ﬀ 1
      ﬁ 
 
	
=ﬀ 

 ﬃﬁﬂﬁﬀ ﬁﬂﬁ "ﬃ ,& #3$ﬀ# " ﬁﬀ ﬂ""+ﬂﬁ"   5 ﬀﬀ&)ﬀﬁ"$ ﬀ+ﬀ$ﬁ& ﬃ ﬂ# , ﬃ"ﬁ& ﬃ
"ﬃ ﬂ &ﬀﬃ ﬂ$ﬀ ﬃﬁﬂﬁﬀ !ﬀ&ﬀ ﬁﬀ

 +ﬂ2 ﬀ+  ﬃ")"ﬀﬃ ﬁﬂﬁ ﬁﬀ &ﬀﬃ ﬂ$ﬀ "ﬃ " ﬂ ﬃﬁﬂﬁﬀ
 5 

		  ﬂ)3+ﬂ& /  /ﬀﬁ3/ 

	
 1 =ﬀ ﬁ ﬁﬂ+ ﬂ)3+ﬂ& / / ﬀﬁ3/  5 ﬁﬀ 

 "ﬃ

&ﬃ !ﬁﬀ!ﬂ 2! &ﬃ  ﬁ   ﬂ ﬃ2ﬃ ﬀ23 2!  

ﬂ ﬃ2ﬃ /ﬀ"ﬃ !  ( 3ﬃ 2! ﬀ 2"
ﬂ ﬀﬃﬃ ! 3/ﬀ &2! ﬀ  




#ﬀ&ﬁ ) 2 ﬁ3ﬁ ! #ﬁ3"/  

ﬂ ﬃ2ﬃ ﬀ !ﬁ ! &2 &!&ﬀ7   3ﬀ!ﬀ ﬀ  2
!ﬀ%2 -  ﬂ ﬀ #ﬁﬀ! ﬀ! !  5 ﬁﬃ2ﬀ2/ .&/ ﬀﬃ ! 2/ﬃﬃﬀﬁ ﬂ ﬀﬃﬃ )

 ! ﬁ 2 ﬀ
:
	
  !ﬀ&ﬀ
:
"ﬃ #ﬀﬀ# ﬂﬃ
:
	

   

 
1ﬀ
!"$ "/,+"ﬀﬃ ﬁﬂﬁ ﬁﬀ 
  ﬂ)3+ﬂ& /  /ﬀﬁ3/
9

	
  1
-
 ﬃﬀ&*ﬂﬁ"   5 ﬁ ﬁﬂ+ ﬂ)3+ﬂ&
/ /ﬀﬁ3/ #"$ﬁﬂﬁﬀﬃ ﬁﬂﬁ ﬁﬀ ﬁ ﬁﬂ+ ﬂ)3+ﬂ& / /ﬀﬁ3/  5 ﬁﬀ ﬃ%ﬃﬁﬀ/ 2ﬀ5 &ﬀ ﬂ &ﬀﬂ$ﬁ" 
/3ﬃﬁ ﬀ3ﬂ+ ﬁﬀ ﬁ ﬁﬂ+ ﬂ+ ﬂ)3+ﬂ& /  /ﬀﬁ3/  5 ﬁﬀ ﬃ%ﬃﬁﬀ/   !ﬀ*ﬀ&
9
ﬁﬀ  &2"ﬁﬂ+ ﬂ#
ﬃ," $ /, ﬀﬁﬃ  5 ﬁﬀ ﬁ ﬁﬂ+ ﬂ)3+ﬂ& /  / ﬀﬁ3/ ﬂ&ﬀ  ﬁ ﬃﬀ,ﬂ&ﬂﬁﬀ+% $ ﬃﬀ&*ﬀ# 2ﬀ5 &ﬀ
ﬂ# ﬂ5ﬁﬀ& ﬁﬀ &ﬀﬂ$ﬁ"  1  ﬁﬀ $ﬂﬃﬀ  5  5 ﬁﬀ #ﬀ$ﬂ% 



    

9
ﬁﬀ ﬃﬁﬂﬁﬀ/ ﬀﬁ  5
ﬂ)3+ﬂ& /  / ﬀﬁ3/ $ ﬃﬀ&*ﬂﬁ"  "ﬃ )"*ﬀ ﬂﬃ 5 ++ ! ﬃ 
: 

	
 
	
:
 
 
:
 
  
 
1ﬀ

ﬀ$ﬂ3ﬃﬀ ﬁﬀ   ﬂ# 

/ﬀﬃ ﬃ ﬂ&ﬀ ﬃ," ,ﬂ&ﬁ"$+ﬀﬃ


	

9
ﬁﬀ &ﬀ+ﬂﬁ"*ﬀ  &2"ﬁﬂ+ ﬂ)3+ﬂ&
/ /ﬀﬁﬂ  5 ﬁﬀ ﬁ!  /ﬀﬃ ﬃ "ﬃ $ ﬃﬁ&ﬂ"ﬀ# ﬁ 2 ﬀ 3"ﬁ% "  &#ﬀ& ﬁ / ﬂ"ﬁﬂ"
:
	
 
" 3ﬂﬁ" 
 
1ﬀ 


	




  

 
	
 
  
 
1ﬀ
 /ﬀﬃ ﬃ ﬂ*ﬀ "ﬁﬀ)ﬀ& ﬃ," !"$ / ﬀﬂﬃ ﬁﬂﬁ ﬁﬀ% ﬂ&ﬀ $+ﬂﬃﬃ"ﬀ# ﬂﬃ 2 ﬃ ﬃ 1

$$ &#")
ﬁ 

 ﬃﬀ ﬃﬁﬂﬁ"ﬃﬁ"$ﬃ
9
ﬁﬀ ﬁ ﬁﬂ+ !ﬂ*ﬀ53$ﬁ"  5 & ﬂ ﬃ%ﬃﬁﬀ/  5 "#ﬀﬁ"$ﬂ+ 2 ﬃ ﬃ /3ﬃﬁ 2 ﬀ

 		

 3#ﬀ& ﬁﬀ "ﬁﬀ&$ﬂ)ﬀ  5 ﬁﬀ ,ﬂ&ﬁ"$+ﬀﬃ
9
!"$ / ﬀﬂﬃ ﬁﬂﬁ 
   

		 1
 !ﬀ*ﬀ&
9
"5 ﬂ ﬃ%ﬃﬁﬀ/  5 ﬁ! "#ﬀﬁ"$ﬂ+ ,ﬂ&ﬁ"$+ﬀﬃ "ﬃ " ﬂ $ /2"ﬀ# ﬃﬁﬂﬁﬀ  5  &2"ﬁﬂ+ ﬂ)3+ﬂ&
/ /ﬀﬁ3/ 

	
 
9
ﬂ# ﬂ*ﬀ ﬂ $ /2"ﬀ# ﬃ," ﬂ)3+ﬂ& / / ﬀﬁ3/  5 
	

9
ﬁﬂﬁ "/,+"ﬀﬃ
ﬁﬂﬁ 
   


9
!"$ "ﬃ ﬂ $ﬂ&ﬂ$ﬁﬀ&"ﬃﬁ"$  5 ﬂ 	 	


 		

 !ﬂ*ﬀ53$ﬁ"  1 "ﬁ"ﬂ++%
9
!ﬀ ﬁﬀ  

,ﬂ"& "ﬃ ,& #3$ﬀ#
9
ﬁﬀ  /ﬀﬃ ﬃ ﬂ&ﬀ "  &ﬁ ) ﬂ+ ﬃﬁﬂﬁﬀﬃ
9
 ﬀ ﬃﬁﬂﬁﬀ "ﬃ ﬂ
  /ﬀﬃ  ﬂ# ﬁﬀ  ﬁﬀ& "ﬃ ﬂ 

1 & / ﬁﬀ ﬂ)3+ﬂ& /  / ﬀﬁ3/ $ ﬃ"#ﬀ&ﬂﬁ" ﬃ ﬂ2  *ﬀ
9
ﬁﬀ   ﬂ# 

$ﬂ ﬀ*ﬀ& / "0 ﬃ ﬂﬃ ﬁ 5 &/ ﬁﬀ ﬃﬂ/ ﬀ "#ﬀﬁ"$ﬂ+ ,ﬂ&ﬁ"$+ﬀ
9
2 ﬀ$ﬂ3ﬃﬀ ﬁ"ﬃ
! 3+# &ﬀﬃ3+ﬁ " ﬂ ﬃ%//ﬀﬁ&"$ !ﬂ*ﬀ53$ﬁ"  !"$ # ﬀﬃ  ﬁ ﬃﬂﬁ"ﬃ5% 
   
	
    
 

1
 & "ﬃﬁﬂ$ﬀ
9
ﬂ 

$ﬂ $ﬂ)ﬀ "ﬁ ﬂ 

ﬁ& 3) / "0 ")
9
23ﬁ "ﬁ $ﬂ ﬁ # ﬃ ﬂﬁ ﬁﬀ
  
ﬃﬂ/ ﬀ ﬁ"/ ﬀ ﬁﬂﬁ ﬂ ﬁﬀ& 

ﬀ0 "ﬃﬁﬃ #3ﬀ ﬁ ﬁﬀ ﬂ2  *ﬀ ﬂ)3+ﬂ& / /ﬀﬁ3/ $ ﬃﬁ&ﬂ"ﬁﬃ 1
 ﬂ*") ﬁ! #" ﬀ&ﬀﬁ ,ﬂ&ﬁ"$+ﬀﬃ " ﬂ ﬃﬁﬂﬁﬀ  5 
   

 "ﬃ  ﬁ 5 &2"##ﬀ 2% ﬂ%
ﬂ)3+ﬂ& / / ﬀﬁ3/ ﬂ&)3/ ﬀﬁ 1 =ﬀ&ﬀ5 &ﬀ
9
ﬂﬃ ﬁ"/ ﬀ ﬀ* +*ﬀﬃ
9

 ﬃﬀ ﬃﬁﬂﬁ"ﬃﬁ"$ﬃ 5 &$ﬀﬃ ﬁﬀ
 &ﬁ ) ﬂ+"ﬁ% $ #"ﬁ"  ﬁ ﬀ0 "ﬃﬁ ﬁ& 3) 3ﬁ ﬁﬀ / "0 ") ,& $ﬀﬃﬃ 3ﬁ"+  ﬀ  5 ﬁﬀ 
/ﬀﬃ ﬃ ﬂ++% # ﬀﬃ #ﬀ$ﬂ%
9
ﬂﬃ ﬃ ! "  ")3&ﬀ
 
1  1 5  ﬀ  5 ﬁﬀ  /ﬀﬃ ﬃ "ﬃ  2ﬃﬀ&*ﬀ#
ﬁ #ﬀ$ﬂ% ﬁ ﬂ   ﬃﬁﬂﬁﬀ ﬂﬁ ﬁ"/ ﬀ 
9
ﬁﬀ ﬂﬁ ﬁﬂﬁ "ﬃﬁﬂﬁ "ﬁ "ﬃ  ! ﬁ 2 ﬀ " ﬂ ,3&ﬀ   ﬃﬁﬂﬁﬀ
ﬂ#
9
ﬂﬃ ﬂ $ ﬃﬀ3ﬀ$ﬀ
9
ﬂﬁ ﬁﬀ ﬃﬂ/ ﬀ "ﬃﬁﬂﬁ ﬁﬀ&ﬀ !ﬂﬃ ﬂ $ &&ﬀﬃ,  #") ,3&ﬀ 

ﬃﬁﬂﬁﬀ
#3ﬀ ﬁ ﬁﬀ  &ﬁ ) ﬂ+"ﬁ% $ #"ﬁ"  1 =ﬀ , "ﬁ " ﬁ"/ ﬀ  5 ﬁ"ﬃ  ! #ﬀ$ﬂ% ﬀ ﬀ$ﬁ"*ﬀ+%
ﬃﬁﬂ&ﬁﬃ ﬁﬀ $+ $ 5 & ﬁﬀ &ﬀ/ ﬂ"") ,ﬂ&ﬁ"$+ﬀ

   & 

 ﬁ ﬀ* +*ﬀ #3ﬀ ﬁ / "0 ") ! "ﬁ "ﬁﬃ
ﬂﬁ",ﬂ&ﬁ"$+ﬀ 1 =ﬀ ﬁ"/ ﬀ  5 ﬁﬀ #ﬀ$ﬂ% ﬁ ﬂ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀ
9

 
9
"ﬃ ﬀ0,&ﬀﬃﬃﬀ# &ﬀ+ﬂﬁ"*ﬀ ﬁ 
ﬁﬀ ﬁ"/ ﬀ ﬂﬁ !"$  ﬀ  5 ﬁﬀ  /ﬀﬃ ﬃ #ﬀ$ﬂ%ﬃ ﬁ ﬂ ﬃﬁﬂﬁﬀ
9


	
9
!"$ ﬁﬂ)ﬃ ﬁﬀ 2 ﬁﬁ /
3ﬂ& ﬂ* 3&  5 ﬁﬀ / ﬀﬃ  ﬂﬃ ﬀ"ﬁﬀ& 4  & 4 



  


	
  
 
1ﬀ 
 ﬀ, ﬀ#")   !"$  /ﬀﬃ  "ﬃ 3ﬃﬀ# ﬁ ﬁﬂ) ﬁﬀ ﬀ*ﬀﬁ
9
ﬁﬀ ﬁ"/ ﬀ
9

9
$ﬂ 2ﬀ ﬀ"ﬁﬀ&
, ﬃ"ﬁ"*ﬀ  & ﬀ)ﬂﬁ"*ﬀ 1 ﬀ/ "+ﬀ,ﬁ "$ #ﬀ$ﬂ%ﬃ  5 ﬁﬀ 5 &/ 

 

 & 

 


ﬂ&ﬀ
 5ﬁﬀ 3ﬃﬀ# ﬁ ﬁﬂ) ﬁﬀ 3ﬂ& ﬂ* 3&  5 ﬁﬀ ,ﬂ&ﬀﬁ / ﬀﬃ  1 =ﬀ&ﬀ5 &ﬀ
9
 ﬀ &ﬀ3"&ﬀ/ ﬀﬁ
 5 ﬁﬀ  #ﬀﬁﬀ$ﬁ & ! "++ 2 ﬀ ﬁﬂﬁ "ﬁ /3ﬃﬁ ﬂ*ﬀ ﬁﬀ ﬂ2"+"ﬁ% ﬁ &ﬀ$ ﬃﬁ&3$ﬁ ﬁﬀ #ﬀ$ﬂ% ﬁ 
ﬁﬀ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀ ﬂﬃ !ﬀ++ ﬁﬂﬁ  5 ﬁﬀ ﬁﬂ))") ﬃﬁﬂﬁﬀ !"$ ﬁﬂ)ﬃ ﬁﬀ 3ﬂ& $ ﬁﬀﬁ  5
 ﬀ  5 ﬁﬀ  /ﬀﬃ ﬃ ﬂﬁ ﬁﬀ "ﬃﬁﬂﬁ  5 ﬁﬀ #ﬀ$ﬂ% ﬁ"/ ﬀ 1
     	 
=ﬀ 5ﬂ$ﬁ ﬁﬂﬁ ﬁﬀ ﬀ+ﬀ$ﬁ&  ﬂ# , ﬃ"ﬁ&  ﬀﬀ&)"ﬀﬃ ﬂﬁ ﬂﬂ   ﬂ&ﬀ ﬂﬃ%//ﬀﬁ&"$ ﬂ##&ﬀﬃﬃﬀﬃ
ﬁﬀ ﬀﬀ# ﬁ &ﬀ$ ﬃﬁ&3$ﬁ ﬁﬀ  #ﬀ$ﬂ% *ﬀ&ﬁ"$ﬀﬃ 1  ﬀ$ﬂ++ 5& / 3ﬂﬁ"   1ﬀ ﬁﬂﬁ ﬁﬀ ﬁ"/ ﬀ
	
 !ﬁﬂ 
    ﬃ&ﬂ #7 ﬁ ﬁﬃ ! 3!ﬁﬂ &2&2 .!ﬁ ! $"ﬀﬁ% .ﬀﬃ ﬀ  ﬁ  ) /ﬀ77  ﬁﬂ

ﬀ#!ﬁ * !ﬀ! $"ﬀﬁ%ﬃ  &ﬃ! &2 !ﬁ  ﬀﬂ &7&ﬃ - ﬀ/ $"ﬀﬁ% ﬀ &2 ﬀ /ﬁﬁﬃ#23&2 ﬀ2!&$"ﬀﬁ%  ﬀ"ﬁ
&ﬃ ﬀ 2ﬁﬀ7 !ﬁﬂ 32!&2 ﬀ #ﬀﬁ!&/"7ﬀﬁ  ﬀﬂ &7)

0.0 0.5 1.0 1.5 2.0
Time  (in units of average lifetime)
0.0
0.5
1.0
1.5
2.0
0.0
0.2
0.4
0.6
0.8
1.0
D
e
c
a
y
 R
a
te
  
(i
n
 u
n
it
s
 o
f 
a
m
p
li
tu
d
e
)
Γ
∆m = 0.75(a)
Γ
∆m = 20(b)

Βphys° →(t) fCP
Βphys° →(t) fCP
physΒ° →(t) fCP
phys →(t) fCPΒ°

s
s
    
	   ! "ﬃ ﬁﬀ  &ﬁ ) ﬂ+"ﬁ% 2 ﬀﬁ!ﬀﬀ ﬁﬀ   ﬂ# 

#ﬀ$ﬂ% 5 & /

	
 1   ﬂ# ﬁ! / "0 ") &ﬂﬁﬀﬃ
9


 
1 ﬂ + ﬁ

ﬂ ﬃ ! ﬃ ﬁﬀ ﬃ3,ﬀ&, ﬃ"ﬁ"   5 ﬀ0, ﬀﬁ"ﬂ+
#ﬀ$ﬂ% ﬂ# ﬁﬀ  &ﬁ ) ﬂ+ / "0 ") $ #"ﬁ"  5 & ﬂ / "0 ") &ﬂﬁﬀ


 
	
 1 !"$ "ﬃ
ﬁﬀ &ﬂﬁﬀ ﬀ0,ﬀ$ﬁﬀ# 5 &    

/"0")    1 ﬂ + ﬁ

2  ﬃ ! ﬃ ﬂ ﬃ"/ "+ﬂ& $3&*ﬀ 5 & ﬂ / "0 ")
&ﬂﬁﬀ


 
	
 !"$ "ﬃ ﬁﬀ / "0 ") &ﬂﬁﬀ ﬀ0,ﬀ$ﬁﬀ# " ﬁﬀ  

ﬃ%ﬃﬁﬀ/    1
# "  ﬀ&ﬀ$ﬀ " ﬁﬀ +"5ﬀﬁ"/ ﬀﬃ  5 ﬁﬀ 

ﬂ# ﬁﬀ 

#ﬀ$ﬂ%ﬃ "ﬃ ﬀﬃﬃﬀﬁ"ﬂ+ ﬁ ﬁﬀ 3#ﬀ&ﬃﬁﬂ#")
 5 ﬁﬀ ' ( *" +ﬂﬁ"  1 =ﬀ ﬀﬂﬃ"ﬀﬃﬁ !ﬂ% ﬁ / ﬀﬂﬃ3&ﬀ ﬃ3$ ﬂ ﬁ"/ ﬀ #"  ﬀ&ﬀ$ﬀ "ﬃ ﬁ #ﬀﬁﬀ&/ "ﬀ
ﬁ ﬁﬀ ﬃ,ﬂﬁ"ﬂ+ # "ﬃﬁﬂ$ﬀ 2 ﬀﬁ!ﬀﬀ ﬁﬀ ﬁ! #ﬀ$ﬂ%ﬃ ﬂ#
9
 ! ") ﬁﬀ *ﬀ+ $"ﬁ"ﬀﬃ  5 ﬁﬀ
,ﬂ&ﬁ"$+ﬀﬃ
9
$ﬂ+$3+ﬂﬁﬀ ﬁﬀ ﬁ"/ ﬀ #" ﬀ&ﬀ$ﬀ 1
-
 ﬃ"#ﬀ& ﬁ! 2ﬀﬂ/ ﬃ  5 ﬀ3ﬂ+ ﬀﬀ&)%  &ﬃﬁ 1  "$ﬀ ﬁﬀ 

 "ﬃ ,& #3$ﬀ# ﬂﬁ &ﬀﬃﬁ " ﬁﬀ
+ﬂ2  &ﬂﬁ &% ﬂ# "ﬃ  +% ﬃ+")ﬁ+% ﬂ2 *ﬀ ﬁﬀ / ﬂﬃﬃ ﬁ&ﬀﬃ +# 5 & ﬁﬀ #ﬀ$ﬂ% ﬁ ﬁ!  /ﬀﬃ ﬃ
9
ﬁﬀ   ﬂ# ﬁﬀ 

! "++ #ﬀ$ﬂ% ﬂﬁ ﬀﬃﬃﬀﬁ"ﬂ++% ﬁﬀ ﬃﬂ/ ﬀ , "ﬁ " ﬃ,ﬂ$ﬀ ﬂﬃ "++3ﬃﬁ&ﬂﬁﬀ# "
 ")3&ﬀ
 
1 
 

ﬂ 1 =ﬀ #" ﬀ&ﬀ$ﬀ 2 ﬀﬁ!ﬀﬀ ﬁﬀ &ﬀﬃ, ﬀ$ﬁ"*ﬀ #ﬀ$ﬂ% ﬁ"/ ﬀﬃ ! "++ 2 ﬀ *ﬀ&% #" $3+ﬁ
 
ﬁ / ﬀﬂﬃ3&ﬀ 2 ﬀ$ﬂ3ﬃﬀ ﬁﬀ #"ﬃﬁﬂ$ﬀ 5& /  ﬀ #ﬀ$ﬂ% *ﬀ&ﬁﬀ0 ﬁ ﬁﬀ  ﬁﬀ& ! "++ 2 ﬀ *ﬀ&% ﬃ/ ﬂ++ 1
 !ﬀ*ﬀ&
9
"5  ﬀ  5 ﬁﬀ ﬁ! $ ++"# ") 2ﬀﬂ/ ﬃ ﬂﬃ ﬂ ")ﬀ& ﬀﬀ&)% ﬁﬂ ﬁﬀ  ﬁﬀ&
9
ﬁﬀ
9
" ﬁﬀ +ﬂ2  &ﬂﬁ &% 5&ﬂ/ ﬀ
9
ﬁﬀ 

 ,& #3$ﬀ# " ﬁﬀ

 


$ ++"ﬃ"  ! 3+# 2ﬀ 2   ﬃﬁﬀ#
9
ﬁﬀ&ﬀ2% +ﬀﬂ*") ﬂ +ﬂ&)ﬀ #"ﬃﬁﬂ$ﬀ 2 ﬀﬁ!ﬀﬀ ﬁﬀ ﬁ! #ﬀ$ﬂ%ﬃ ﬃ ﬁﬂﬁ "ﬁ $ﬂ 2ﬀ /ﬀﬂﬃ3&ﬀ#
! "ﬁ )&ﬀﬂﬁﬀ& ﬂ$$3&ﬂ$%1 =ﬀ ﬃﬁ&ﬂﬁﬀ)% ﬂﬁ ﬂﬂ     "ﬃ ﬁ ﬂ*ﬀ ﬂ ﬀ ﬃ ﬀ ﬀ+ﬀ$ﬁ&  2ﬀﬂ/
$ ++"#ﬀ ! "ﬁ ﬂ
 
1  ﬃ ﬀ , ﬃ"ﬁ&  2ﬀﬂ/
9
&ﬀﬃ3+ﬁ") " ﬂ ﬀﬁ 2   ﬃﬁ
9
 
9
 5 ﬂ,,& 0 "/ ﬂﬁﬀ+%
 1
 
	
 1$ 1 3ﬀ ﬁ ﬁﬀ 3ﬀ3ﬂ+ ﬀﬀ&)"ﬀﬃ
9
!ﬀ ﬁﬀ 

 #ﬀ$ﬂ%ﬃ ﬁ ﬂ  

,ﬂ"&
" ﬁﬀ +ﬂ2 &ﬂﬁ &% 5&ﬂ/ ﬀ
9
ﬁﬀ  /ﬀﬃ ﬃ ! "++ ﬂ+ﬃ 2 ﬀ /  *") ﬂ+ ) ﬁﬀ #"&ﬀ$ﬁ"   5 ﬁﬀ
")ﬀ& ﬀﬀ&)% ﬀ+ﬀ$ﬁ&  2ﬀﬂ/
9
ﬂﬃ ﬃ ! "  ")3&ﬀ
 
1 
 

2  1 =ﬀ ﬃﬀ,ﬂ&ﬂﬁ"  #"ﬃﬁﬂ$ﬀ
9


9
"ﬃ &ﬀ+ﬂﬁﬀ# ﬁ ﬁﬀ ﬁ"/ ﬀ #" ﬀ&ﬀ$ﬀ 2 ﬀﬁ!ﬀﬀ ﬁﬀ ﬁ!  #ﬀ$ﬂ%ﬃ ﬁ& 3) ﬁﬀ ﬀ0,&ﬀﬃﬃ"  

	


  


 
1ﬀﬀ
!ﬀ&ﬀ  "ﬃ &ﬀ+ﬂﬁﬀ# ﬁ   " ﬁﬀ 5 ++ ! ") !ﬂ% 

	

 
 

 

  
 
1 
=3ﬃ
9
/ ﬀﬂﬃ3&") ﬁﬀ ﬃ,ﬂﬁ"ﬂ+ ﬃﬀ,ﬂ&ﬂﬁ"   5 ﬁﬀ ﬁ!  /ﬀﬃ  #ﬀ$ﬂ% *ﬀ&ﬁ"$ﬀﬃ )"*ﬀﬃ "5 &
/ﬂﬁ"  ﬂ2 3ﬁ ﬁﬀ #ﬀ$ﬂ% ﬁ"/ ﬀ #" ﬀ&ﬀ$ﬀ  5 ﬁﬀ 

ﬂ# 

/ﬀﬃ ﬃ 1 ="ﬃ ﬁ"/ ﬀ #" ﬀ&ﬀ$ﬀ "ﬃ
ﬁﬀ 3ﬃﬀ# ﬁ $ﬂ+$3+ﬂﬁﬀ ﬁﬀ ﬁ"/ ﬀ#ﬀ, ﬀ#ﬀﬁ ' ( ﬂﬃ%//ﬀﬁ&% ﬁﬂﬁ !ﬂﬃ )"*ﬀ "
-
ﬂ,ﬁﬀ& 
ﬂﬃ 

  


	 
/

ﬃ"




  
 
1   
     
 ﬀ$ﬂ++ 5& / =ﬂ2+ﬀ  1 ﬁﬂﬁ ﬁﬀ 2&ﬂ$") &ﬂﬁ" ﬃ 5 &  /ﬀﬃ ﬃ ﬁ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀﬃ ﬂ&ﬀ
ﬁ%,"$ﬂ++% *ﬀ&% ﬃ/ ﬂ++
9
  ﬁﬀ  &#ﬀ&  5  	

1 =ﬀ&ﬀ5 &ﬀ
9
"  &#ﬀ& ﬁ #ﬀﬁﬀ$ﬁ ﬂ ﬃ3 $"ﬀﬁ
3/2ﬀ&  5  #ﬀ$ﬂ% ﬀ*ﬀﬁﬃ
9
ﬁﬀ 





 5 ﬁﬀ 2 ﬀﬂ/ 5ﬂ$"+"ﬁ% /3ﬃﬁ 2 ﬀ ") ﬀ 3)


ﬂ
z
first B decay
second B decay
ϒ (4S) lab

2 
zlab
ϒ (4S)
direction of boost
first B decay second B decay
∆ z
    
   "ﬂ)&ﬂ/ ﬃ ! ") ﬁﬀ ﬀ ﬀ$ﬁﬃ  5 ﬂ*")

ﬂ ﬀ3ﬂ+ 2 ﬀﬂ/ ﬀﬀ&)"ﬀﬃ
9
ﬂ#

2 
3ﬀ3ﬂ+ 2 ﬀﬂ/ ﬀﬀ&)"ﬀﬃ !ﬀ ﬁ&% ") ﬁ ﬃﬀ,ﬂ&ﬂﬁﬀ #ﬀ$ﬂ% *ﬀ&ﬁ"$ﬀﬃ 1  ﬁﬀ $ﬂﬃﬀ !ﬀ&ﬀ ﬁﬀ
2 ﬀﬂ/ ﬀﬀ&)"ﬀﬃ ﬂ&ﬀ ﬀ3ﬂ+
9
ﬁﬀ&ﬀ "ﬃ ﬀﬃﬃﬀﬁ"ﬂ++%  ﬃ,ﬂﬁ"ﬂ+ ﬃﬀ,ﬂ&ﬂﬁ"   5 ﬁﬀ #ﬀ$ﬂ% *ﬀ&ﬁ"$ﬀﬃ 
 
 1  "+ﬀ ﬁﬀ ﬁ!  /ﬀﬃ ﬃ / ﬂ% #ﬀ$ﬂ% ﬂﬁ #" ﬀ&ﬀﬁ ﬁ"/ ﬀﬃ
9
ﬃ,ﬂﬁ"ﬂ++% 2 ﬁ /ﬀﬃ ﬃ
#ﬀ$ﬂ% ﬂﬁ ﬂ,,& 0 "/ ﬂﬁﬀ+% ﬁﬀ , "ﬁ !ﬀ&ﬀ ﬁﬀ 

 "ﬃ $&ﬀﬂﬁﬀ# 1  ﬃ") 2 ﬀﬂ/ ﬃ  5 3ﬀ3ﬂ+
ﬀﬀ&)"ﬀﬃ
9
 !ﬀ*ﬀ&
9
+ﬀﬂ#ﬃ ﬁ ﬂ *ﬀ&% ,&  3$ﬀ# ﬃ,ﬂﬁ"ﬂ+ ﬃﬀ,ﬂ&ﬂﬁ"   5 ﬁﬀ #ﬀ$ﬂ% *ﬀ&ﬁ"$ﬀﬃ 
 
 / " ﬁﬀ $ﬂﬃﬀ !ﬀ&ﬀ ﬀ ﬃ ﬀ ﬀ+ﬀ$ﬁ& ﬃ ﬂ&ﬀ $ ++"#") ! "ﬁ
 
1  ﬃ ﬀ , ﬃ"ﬁ& 
2ﬀﬂ/ ﬃ 1
ﬁ $ /,ﬀﬃﬂﬁﬀ 5 & ﬁﬀ + ! ,& 2ﬂ2"+"ﬁ"ﬀﬃ  5 #ﬀ$ﬂ%1 =ﬀ +3/ " ﬃ"ﬁ%  5 ﬂ ,ﬂ&ﬁ"$+ﬀ 2 ﬀﬂ/ "ﬃ
#ﬀﬀ# ﬁ 2 ﬀ ﬁﬀ 3/2ﬀ&  5 ,ﬂ&ﬁ"$+ﬀﬃ "$"#ﬀﬁ   ﬂ $ﬀ&ﬁﬂ" ﬂ&ﬀﬂ " ﬂ )"*ﬀ ﬁ"/ ﬀ "ﬁﬀ&*ﬂ+ 1
ﬂ*") / &ﬀ  ,ﬂ&ﬁ"$+ﬀﬃ ﬁ #ﬀ$ﬂ%    ﬃﬀﬁﬃ ﬁﬀ 5ﬂ$ﬁ ﬁﬂﬁ ﬁﬀ ' ( ﬀ")ﬀﬃﬁﬂﬁﬀ #ﬀ$ﬂ%ﬃ ﬂ&ﬀ
ﬁﬀ/ ﬃﬀ+*ﬀﬃ &ﬂ&ﬀ 1 ﬁ "ﬃ 5 & ﬁ"ﬃ &ﬀﬂﬃ  ﬁﬂﬁ ﬁﬀ ﬂﬂ  )& 3, ﬂﬁ 

-
"ﬃ ﬂ"/ ") ﬁ ﬂ*ﬀ
ﬂ 3,&ﬀ$ﬀ#ﬀﬁﬀ# ,ﬀﬂ +3/ " ﬃ"ﬁ%  5
 
   $/ 	 ﬃ	 
9
! "ﬁ ﬂ , ﬃﬃ"2 +ﬀ 3,)&ﬂ#ﬀ ﬁ 
    


$/
	
ﬃ
	 
1 =! ﬀ% ")&ﬀ#"ﬀﬁﬃ ! "++ $ ﬁ&"23ﬁﬀ ﬁ ﬁ"ﬃ ") , ﬀﬂ +3/ " ﬃ"ﬁ%1
 "&ﬃﬁ
9
ﬀ+ﬀ$ﬁ&  23$ﬀﬃ ! "++ 2 ﬀ ﬃﬀﬁ ﬀ*ﬀ&%  1 ﬃ
9
$ ﬁ&"23ﬁ") ﬁ ﬂ *ﬀ&% ") 3/2ﬀ&  5
, ﬃﬃ"2 +ﬀ &ﬀﬂ$ﬁ" ﬃ 1 ﬀ$ #
9
ﬁﬀ 2 ﬀﬂ/ 5 $3ﬃ") / ﬂ)ﬀﬁﬃ ! "++ 2 ﬀ , ﬃ"ﬁ" ﬀ# /3$ $+ ﬃﬀ&
ﬁﬂ 3ﬃ3ﬂ+ ﬁ ﬁﬀ "ﬁﬀ&ﬂ$ﬁ"  &ﬀ)"  ﬁ ﬂ++ ! 5 & *ﬀ&% ﬂ$$3&ﬂﬁﬀ , ﬃ"ﬁ" ") 1 =ﬀ +ﬂﬁﬁﬀ&
)"*ﬀﬃ &"ﬃﬀ ﬁ $ $ﬀ&ﬃ ﬂ2  3ﬁ 2ﬂ$)& 3# &ﬂﬁﬀﬃ $ﬂ3ﬃﬀ# !ﬀ ,ﬂ&ﬁ"$+ﬀﬃ $ ++"#ﬀ ! "ﬁ ﬁﬀ
/ ﬂ)ﬀﬁﬃ
9
ﬂ# "ﬃ $3&&ﬀﬁ+% 2 ﬀ") ﬃﬁ3#"ﬀ# 1

        	  
 
  &#ﬀ& ﬁ / ﬀﬂﬃ3&ﬀ / / ﬀﬁ3/ ﬂ# , ﬃ"ﬁ"  *ﬀ&% !ﬀ++
9
ﬀ*ﬀ " ﬁﬀ /  &ﬀ ﬀ0ﬁﬀ&" & #ﬀ
ﬁﬀ$ﬁ &ﬃ
9
ﬃ3$ ﬂﬃ ﬁﬀ ,ﬂ&ﬁ"$+ﬀ "#ﬀﬁ"$ﬂﬁ"  ﬃ%ﬃﬁﬀ/ ﬂ# ﬁﬀ ﬀ+ﬀ$ﬁ& / ﬂ)ﬀﬁ"$ $ﬂ+ &"/ ﬀﬁﬀ&
3ﬃﬀ# 5 & / ﬀﬂﬃ3&") ﬀﬀ&)%
9
ﬁﬀ / ﬂﬃﬃ  5 ﬁﬀ ﬁ&ﬂ$ ") $ﬂ/2ﬀ&ﬃ /3ﬃﬁ 2 ﬀ ﬀ,ﬁ ﬂﬃ + ! ﬂﬃ
, ﬃﬃ"2 +ﬀ ﬁ &ﬀ#3$ﬀ /3+ﬁ", +ﬀ ﬃ$ﬂﬁﬁﬀ&") 1 ="ﬃ &ﬀ3"&ﬀ/ ﬀﬁ ﬂ,,+"ﬀﬃ " ,ﬂ&ﬁ"$3+ﬂ& ﬁ ﬁﬀ
ﬃ"+"$  *ﬀ&ﬁﬀ0 #ﬀﬁﬀ$ﬁ & ﬂ# ﬁﬀ #&"5ﬁ $ﬂ/2ﬀ& $ /, ﬀﬁﬃ !"$ +"ﬀ $+ ﬃﬀﬃﬁ ﬁ ﬁﬀ "ﬁﬀ&
ﬂ$ﬁ"  , "ﬁ ﬂ# $ 3+# , ﬁﬀﬁ"ﬂ++% ﬃ$ﬂﬁﬁﬀ& ﬁﬀ #ﬀ$ﬂ% ,ﬂ&ﬁ"$+ﬀﬃ 1  & / ﬀﬂﬃ3&") ﬀﬀ&)"ﬀﬃ
" ﬁﬀ ﬀ+ﬀ$ﬁ& / ﬂ)ﬀﬁ"$ $ﬂ+ &"/ ﬀﬁﬀ&
9
ﬁﬀ / ﬂﬃﬃ  5 ﬁﬀ ,ﬂ&ﬁ"$+ﬀ "#ﬀﬁ"$ﬂﬁ"  / #3+ﬀﬃ ﬂ+ﬃ 
2 ﬀ$ / ﬀﬃ "/, &ﬁﬂﬁ 1
     
          

  ﬀﬁﬂﬁﬃ  !!"#ﬁ$ﬁﬀ  % & '"
  ()*
 # ﬂﬃ+ , ﬃ#ﬀ ﬃ- #.$! #"/0ﬀﬁﬂﬁﬃ# $ﬂ
ﬃ- 1  ﬂ  # #,ﬃ%# / ! -ﬃ -" ! !! %' ﬃ% ﬃ + ﬃ ﬃ- ﬁ ,2# ﬂ# 3" + %ﬁ# ﬃ"ﬁ! %ﬀ
$/ﬃ.
(
 + $ % ﬂﬃ+ , ﬃ%%ﬁ# ﬃ- ﬁ ﬀﬁﬂﬁﬃ  %ﬂ!"ﬀ $ .ﬁ4 ﬀﬁﬂﬁﬃ 5 $ ﬂ%ﬁ$! ﬀ -ﬁ
ﬂ$+/  5 $ #2#ﬁ+ -ﬃ ,$ﬁ ﬂ!  ﬀ%ﬁ ﬂ$ﬁ ﬃ% 5 $% !ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ 5 $%ﬀ $
+"ﬃ% $%ﬀ %"ﬁ$! $ﬀﬃ% ﬀﬁﬂﬁﬃ
(
6 78 79 :;<=;> ? ;=;@=A<
 + $ % ﬁ$#B ﬃ- ﬁ .ﬁ4 ﬀﬁﬂﬁﬃ  # ﬁﬃ ﬂﬃ%#ﬁ"ﬂﬁ ﬁ ﬁ1ﬃ , + $2 ﬀﬂ$2 .ﬁ ﬂ# /2
+ $#" %' ﬁ$ﬂB $%'!#  % ﬃﬀ ﬁﬃ ﬀﬁ+  % ﬁ ﬁ +   %ﬁ.$! / ﬁ1% ﬁ ﬁ1ﬃ C + #ﬃ%
ﬀﬂ$2#
(
ﬃ ﬀﬃ #ﬃ 5  ﬁ +"#ﬁ /  $/! ﬁﬃ + $#" ﬀ #ﬁ$%ﬂ# ﬃ% ﬁ ﬃﬀ ﬃ- DE + 
)*
 F
ﬃ1. 5 $ + ﬃ ,ﬂ # .ﬁ4 ﬀﬁﬂﬁﬃ 1  !!  + ,ﬃ. ﬁ /$ﬂB'ﬃ"%ﬀ   ﬂﬁ ﬃ% $%ﬀ
.ﬁ40G%ﬀ %'  ﬂ %ﬂ2
( H
#ﬂﬃ%ﬀ 3" + %ﬁ ﬃ- ﬁ .ﬁ4 ﬀﬁﬂﬁﬃ  # ﬁ$ﬁ  ﬁ +"#ﬁ
$!#ﬃ ,ﬃ.  ﬀ -"!! ﬁ$ﬂB %'  %-ﬃ+ $ﬁ ﬃ% -ﬃ ,$ﬁ ﬂ!# ﬂ!ﬃ# ﬁﬃ ﬁ  %ﬁ$ﬂﬁ ﬃ% , ﬃ %ﬁ 1  ﬁ
!ﬃ1 ﬁ$%#.# + ﬃ+ %ﬁ$ I
J
 K
)
EE L  ﬂM ﬁ$ﬁ 1  !! %ﬃﬁ $. #" ﬂ %ﬁ %'2 ﬁﬃ %ﬁ
* 
1730
1400
1360
900
890
810
225
Q2
.249 ref.36
36
10
500
Q1
16571113
460
330100
800
Calorimeter
Coil Cryostat 100
Q1
Q2
Q4
0.653
1120
1655
6290
2395
1120
150
3750
150
3-95
7857A21
    	 
ﬃ1 %  # $ , ﬂﬁ" ﬃ- ﬁ %ﬁ   ﬀﬁﬂﬁﬃ $#  ﬁ 1$# %. # ﬃ%ﬀ
$ﬁ ﬁ ﬁ +  ﬃ- ﬁ ﬂ% ﬂ$!  # '%  ,ﬃﬁ 
)*

(
 ﬀ + %# ﬃ%# ' .% $ $!!  % +  !0
! + ﬁ#
(

ﬁ$ﬁ %' $ﬁ ﬁ  %ﬁ ﬃ $%ﬀ + ﬃ. %' ﬃ"ﬁ1$ﬀ 5 ﬁ ﬀﬁﬂﬁﬃ ﬂﬃ+ , ﬃ%%ﬁ# #ﬃ1 %
$ ﬁ # ! ﬂﬃ% .ﬁ4 ﬁ$ﬂB 5 ﬁ ﬀ -ﬁ ﬂ$+/ 5 ﬁ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+ 5 ﬁ
!ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ 5 $%ﬀ ﬁ  %#ﬁ"+ %ﬁﬀ "4 ﬁ"% ﬃ"# %' ﬁ +"ﬃ% $%ﬀ
$ﬀﬃ% ﬀﬁﬂﬁﬃ
(

ﬃ+  ﬃ- ﬁ / $+ ! % + $'%ﬁ# I%$+ !25 
)
5  $%ﬀ 
*
M %$ ﬁ  %0
ﬁ$ﬂﬁ ﬃ% ' ﬃ% $ #ﬃ1 % $# ﬁ2 $ ﬀ  % ,ﬃﬀ"ﬂ %' ﬁ  ' !"+  %ﬃ# ﬁ2 / $+ 3" ﬀ
$ﬁ  0
(
* 
ﬁ ﬀ -ﬁ ﬂ$+/ 5 1  ﬂ  # %ﬃ+ $!!2 1  + ﬃ+ %ﬁ"+  # + $#"ﬀ
( H
ﬁ$ﬂB  # / #ﬁ
+ $#"ﬀ "# %' $ %"+/ ﬃ- ﬀﬁﬂﬁ %' !$2#
(
-ﬃ 5 ﬁ .ﬁ4 ﬀﬁﬂﬁﬃ +"#ﬁ $.
+ ﬃ ﬁ$% ﬃ% !$2 #ﬃ ﬁ$ﬁ  ﬁ ﬂ$% ﬁ$ﬂ ﬃ"ﬁ ﬁ ﬁ$  ﬂﬁﬃ2 ﬃ- $ ,$ﬁ ﬂ!
(

ﬂ$"# ﬃ-
ﬁ # $/ ! ﬁ2 ﬁﬃ ,ﬃ. ﬀ ﬁ$ﬂB  %-ﬃ+ $ﬁ ﬃ% 5 ﬁ  .ﬁ4 ﬀﬁﬂﬁﬃ  # B%ﬃ1 % $# ﬁ
# ! ﬂﬃ% .ﬁ4 ﬁ$ﬂB I
 M
(
 
  !!"#ﬁ$ﬁﬀ  % & '"
  ()
  # ﬂﬃ%#ﬁ"ﬂﬁﬀ 1  ﬁ  !$2# ﬃ- ﬀﬃ"/!0# ﬀﬀ # ! 0
ﬂﬃ% +  ﬂﬃ#ﬁ , ﬀﬁﬂﬁﬃ# 5 $%ﬀ ﬃﬂﬂ", # ﬁ $ﬀ $! #,$ﬂ / ﬁ1% 
(
 ﬂ+ $%ﬀ  ﬂ+ -ﬃ+
ﬁ  %ﬁ$ﬂﬁ ﬃ% ,ﬃ %ﬁ
(
  ' ,ﬂ # ﬃ% + $#"+ %ﬁ# ﬃ- #,$ﬁ $! ﬀ  #ﬁ$%ﬂ# $ ﬃ/ﬁ$ %ﬀ
"# %' G%!2 #,$ﬂﬀ # ! ﬂﬃ% #ﬁ ,# 5 ﬃ% ﬁ ﬃﬀ ﬃ- E + -ﬃ ﬁ  %% ﬁ !$2# $%ﬀ
/ﬁ1%
 

)
EE + -ﬃ ﬁ ﬃ"ﬁ ﬁ !$2#
(
    	   $'$+ #ﬃ1  %' ﬁ # ! ﬂﬃ% .ﬁ4 ﬁ$ﬂB I
 M 
)*

(
  !$2# $
"#ﬀ ﬁﬃ ,ﬃ. ﬀ ﬁ$ﬂB %'  %-ﬃ+ $ﬁ ﬃ% -ﬃ ,$ﬁ ﬂ!# 1  ﬂ 1  !! %ﬃﬁ $. #" ﬂ %ﬁ %'2
ﬁﬃ %ﬁ ﬁ ﬀ -ﬁ ﬂ$+/
(
* 
6 78 7  ? < =  ;<
 + $ % ,",ﬃ# ﬃ- ﬁ ﬀ -ﬁ ﬂ$+/   # ﬁﬃ ,ﬃ. ﬀ 'ﬃﬃﬀ B%ﬃ1 !ﬀ' ﬃ- ﬂ$'ﬀ ,$0
ﬁ ﬂ! + ﬃ+ %ﬁ$ 5 $# 1!! $# $ 'ﬃﬃﬀ 
 	

 ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% + $#"+ %ﬁ -ﬃ !ﬃ1
+ ﬃ+ %ﬁ"+ ,$ﬁ ﬂ!# 1  ﬂ ﬀﬃ %ﬃﬁ $ﬂ ﬁ ﬀﬀ ﬂ$ﬁﬀ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+ 5
$%ﬀ /$ﬂB1$ﬀ 'ﬃ %' ,$ﬁ ﬂ!# -ﬃ 1  ﬂ ﬁ  # %ﬃ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ%
(

  %ﬂ #ﬁ"ﬀ #
!$ﬁﬀ ﬁﬃ ﬀ -ﬁ ﬂ$+/  , -ﬃ+ $%ﬂ $ ﬁ + $ % -ﬃ ﬂ"# ﬃ- ﬁ # ﬁ# # 5 $% %ﬁ  ﬂ$,0
ﬁ 5 $,ﬁ
*
5 1  !! /  ﬀ.ﬃﬁﬀ ﬁﬃ ﬁ ﬀ #ﬂ"## ﬃ% ﬃ-  ﬁ# , %ﬂ ,!#
(
ﬃ1. 5 $ 3" ﬂB
ﬃ.. 1  #  % ﬃﬀ
(
H
ﬁ ﬁ ﬁ +  ﬃ- ﬁ ﬂ% ﬂ$!  # '%  , ﬃﬁ 5 ﬁ  ﬀ -ﬁ ﬂ$+/  1$# ,ﬃ, ﬃ#ﬀ
ﬁﬃ /  $ !$' ﬂ2 ! %ﬀ ﬂ$! ﬂﬃ%ﬁ$ %  E ﬂ+  % !%'ﬁ 1  ﬁ $%  %% $ﬀ "# ﬃ- 
(
 ﬂ+ $%ﬀ
$% ﬃ"ﬁ $ﬀ "# ﬃ-  E ﬂ+ $# #ﬃ1 %  % & '"
  ()  ( 
ﬃﬁ ﬂ -ﬃ+ ﬁ #ﬂ+ $ﬁ ﬂ ﬁ$ﬁ ﬁ
 %ﬁ$ﬂﬁ ﬃ% , ﬃ %ﬁ I M  # %ﬃﬁ !ﬃ ﬂ$ﬁﬀ  % ﬁ ﬂ%ﬁ ﬃ- ﬁ ﬂ$+/ 5 /"ﬁ $ﬁ  # ﬃ  #ﬁ
ﬁﬃ ﬁ !-ﬁ
(
 ﬀ -ﬁ ﬂ$+/   # ﬀ# '%ﬀ ﬁ # 1$2  % ﬃﬀ ﬁﬃ ﬁ$B $ﬀ.$%ﬁ$' ﬃ- ﬁ
$#2+ + ﬁ ﬂ / $+ %' #
(
L ﬃ#ﬁ ﬃ- ﬁ ,$ﬁ ﬂ!# ,ﬃﬀ"ﬂﬀ  % ﬁ  	 ﬂﬃ!! # ﬃ%# 1  !!
/  + ﬃ. %'  % ﬁ -ﬃ1$ﬀ ﬀ ﬂﬁ ﬃ% 5 1  ﬂ  % ﬁ # ﬂ$#  # ﬁﬃ ﬁ  'ﬁ
( H
% $#2+ + ﬁ ﬂ
ﬀ -ﬁ ﬂ$+/  #"ﬂ $# ﬁ ﬃ% ,ﬃ,ﬃ#ﬀ -ﬃ ﬁ 

H


&$ﬂﬁﬃ2 1  !! ﬁ-ﬃ $.
 %ﬂ$#ﬀ #%# ﬁ .  ﬁ2  % ﬁ ' ﬃ% 1  + ﬃ#ﬁ ﬃ- ﬁ ,$ﬁ ﬂ!# 1  !! / 
(
 ﬂ$+/ 
 ﬁ#!- 1  !! /  #ﬁ"%' 1  ﬁ $,,ﬃ4  + $ﬁ!2
 
EEE 'ﬃ!ﬀ ,!$ﬁﬀ ﬁ"%'#ﬁ% #%# 1  # E +
 % ﬀ $+ ﬁ 5
*
EEE 'ﬃ!ﬀ ,!$ﬁﬀ $!"+  %"+ G!ﬀ 1  #  +  % ﬀ $+ ﬁ 5 G !!ﬀ 1  ﬁ '$#
$%ﬀ  + + #ﬀ  % $
)(
  + $'%ﬁ ﬂ G!ﬀ
(
 ﬁ$  ﬂﬁﬃ2 ﬃ- ﬁ ,$ﬁ ﬂ!  # + $#"ﬀ $#  ﬁ
ﬁ$.## $ + $4 +"+ ﬃ-
*
E !$2# ﬃ- #%# 1  #  % ﬁ ﬂ$+/ 5  ﬃ%   %' ﬂ$+/  '$#
 % $ﬂ
(
 , ﬃ %ﬁ# ﬃ-  ﬃ% $ﬁ ﬃ% $ ﬂﬃ%%ﬂﬁﬀ ﬁﬃ -ﬃ+ $ ﬂ".ﬀ ,$ﬁ -ﬃ+ 1  ﬂ ﬁ
ﬂ$' $%ﬀ + ﬃ+ %ﬁ"+ ﬃ- ﬁ ,$ﬁ ﬂ! ﬂ$% /  %-ﬀ 5  % ﬂﬃ% "%ﬂﬁ ﬃ% 1  ﬁ ﬁ #, ﬂ Gﬂ
 ﬃ% $ﬁ ﬃ% ﬀ, ﬃ# ﬁ ﬃ% I
 	

 M 5 1  ﬂ /ﬂﬃ+ #  + ,ﬃﬁ$%ﬁ  %  ﬀ%ﬁ -2  %' ,$ﬁ ﬂ! #, ﬂ #
(
ﬃ +  % +   +"!ﬁ ,! #ﬂ$ﬁﬁ %' 5 ! "+ 0/$#ﬀ '$## $ /  %' ﬁ#ﬁﬀ ﬁﬃ ﬀﬁ+  %
*D
     	   $'$+ #ﬃ1  %' ﬁ ﬀ -ﬁ ﬂ$+/  
)*

(
 .  1 ﬀ, ﬂﬁ# $ # ﬀ .  1 ﬃ-
ﬁ ﬂ$+/  1  ﬁ ﬁ # ﬀ# ﬂ"ﬁ $1$2 ﬁ $! ﬂ$+/  1  !! -ﬃ+ $ ﬂﬃ+ ,!ﬁ ﬂ2 ! %ﬀ
(
  %ﬁ$ﬂﬁ ﬃ% , ﬃ %ﬁ I M  # %ﬃﬁ !ﬃ ﬂ$ﬁﬀ  % ﬁ ﬂ%ﬁ ﬃ- ﬁ ﬂ$+/  5 /"ﬁ $ﬁ  #
ﬃ  #ﬁ ﬁﬃ ﬁ !-ﬁ  % ﬃﬀ ﬁﬃ ﬁ$B $ﬀ.$%ﬁ$' ﬃ- ﬁ $#2+ + ﬁ ﬂ / $+ %' #
(
1 ﬁ ﬃ %ﬃﬁ ﬁ2 ﬂ$% ,-ﬃ+ $ﬁ $ !.! ﬂﬃ+ ,$$/! ﬁﬃ ﬁ + ﬃ ﬁ$ﬀ ﬁ ﬃ%$! $'ﬃ%0
/$#ﬀ '$## ﬁ$ﬁ $. / % "#ﬀ  % ﬁ ,$#ﬁ
( H
!"+  %"+ G!ﬀ 1  # 1  !! $!#ﬃ /  "#ﬀ  %
ﬁ ﬂ$+/ ﬁﬃ ﬀ"ﬂ + $##
(
6 78 76 <= @ ; ﬂ;= @= A
%ﬃ1  %' 1  ﬂ ,$ﬁ ﬂ!# ﬂ$+  -ﬃ+ 1  ﬂ .%ﬁ  # .2  + ,ﬃﬁ$%ﬁ  % $%2 ,$ﬁ ﬂ!
,2# ﬂ# 4,  + %ﬁ
(
% ﬁ ﬂ$# ﬃ- ﬁ  ﬀﬁﬂﬁﬃ 5  %-ﬃ+ $ﬁ ﬃ% -ﬃ+ ﬁ ﬀ -ﬁ
ﬂ$+/  5 !ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ $%ﬀ  %#ﬁ"+ %ﬁﬀ "4 ﬁ"% ﬂ$% /  "#ﬀ ﬁﬃ
 ﬀ%ﬁ -2 + ﬃ#ﬁ ﬃ- ﬁ !,ﬁﬃ%# $%ﬀ + $%2 #, ﬂ # ﬃ- $ﬀﬃ%#
(
ﬃ1. 5 $% $ﬀﬀ ﬁ ﬃ%$!
ﬀﬀ ﬂ$ﬁﬀ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+  # %ﬀﬀ ﬁﬃ ﬀ #ﬁ %'" # ﬂ$'ﬀ , ﬃ%# -ﬃ+
E
ﬂ$'ﬀ B$ﬃ%# $%ﬀ $ﬁ  ' + ﬃ+ %ﬁ$ 5 ﬀ #ﬁ %'" # ﬂ$'ﬀ , ﬃ%# -ﬃ+ ,ﬃﬁﬃ%#
(
% ﬃ0
ﬀ ﬁﬃ + ﬁ ﬁ # 3" + %ﬁ 5 $ ﬂﬃ+/ %$ﬁ ﬃ% ﬃ-  %Bﬃ. ﬀﬁﬂﬁﬃ# 1  !! /   %ﬂﬃ, ﬃ$ﬁﬀ
 %ﬁﬃ ﬁ  ﬀﬁﬂﬁﬃ
(
 /$! ' ﬃ% 1  !! /  ﬂﬃ.ﬀ /2 $   I ﬁﬂﬁ ﬃ% ﬃ- %0
ﬁ%$!!2  ﬂﬁﬀ  %Bﬃ. ! 'ﬁM #2#ﬁ+ 5 1  ! $%
H
 I
H
ﬃ'! #ﬃ!ﬀ  %Bﬃ.
ﬂﬃ"%ﬁM ﬂﬃ.# ﬁ -ﬃ1$ﬀ ' ﬃ% $# #ﬃ1 %  % & '"
  () 

    	 
ﬃ1 %  # $ # ﬀ . 1 ﬃ- ﬁ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+ 
)*

(
  
ﬂﬃ+ , ##
)

 
ﬁ % 3"$ﬁ #ﬂﬁﬃ# , ﬃ# ﬁ ﬃ%ﬀ ﬂ2! %ﬀ ﬂ$!!2  % $
)
0# ﬀﬀ ,ﬃ!2'ﬃ% ,$$!!!
ﬁﬃ ﬁ / $+ , , 
(
 1ﬀ' #$, ﬀ ﬃ/  ﬂﬁ# $ﬁ ﬁ -$ !-ﬁ ﬃ- ﬁ ﬀ $'$+ ﬃ"# ﬁ
+  ﬃ# "#ﬀ ﬁﬃ ﬀ ﬂﬁ ﬁ ! 'ﬁ -ﬃ+ ﬁ 3"$ﬁ /$# ﬁﬃ ﬁ ,ﬃﬁﬃ+"!ﬁ , !  ﬁ"/ # $#
1!! $# ﬃ   $ #",,ﬃﬁ #ﬁ"ﬂﬁ" -ﬃ ﬁ ,ﬃﬁﬃ+"!ﬁ ,!  ﬁ"/ # ﬁ+ #!.#
(
 ﬁ1ﬃ
#+ $!! #3"$# $ﬁ ﬁ  'ﬁ %ﬀ ﬃ- ﬁ ﬀﬁﬂﬁﬃ  %ﬀ ﬂ$ﬁ ﬁ , ﬃ# ﬁ ﬃ% ﬃ- ﬁ
H
 #
(
 % $ ﬂ$'ﬀ ,$ﬁ ﬂ!  % $ ﬂﬁ$ % + ﬀ "+ ﬁ$.!# -$#ﬁ ﬁ$% ﬁ #, ﬀ ﬃ- ! 'ﬁ
 % ﬁ$ﬁ #$+  + ﬀ "+ 5 $% !ﬂﬁﬃ+ $'%ﬁ ﬂ #ﬃ ﬂB 1$.  # -ﬃ+ ﬀ ﬁ$ﬁ  # ﬂﬃ% ﬂ$!  % #$,
$/ﬃ"ﬁ ﬁ ﬁ$  ﬂﬁﬃ2 ﬃ- ﬁ ,$ﬁ ﬂ! 5 $# #ﬃ1 %  % & '"
  ()
 
(
 #ﬃﬂB 1$. $ﬀ $ﬁ ﬃ%

 	
  	   
   



	   
    
 	
   	
       		   ﬀﬁﬂ  ﬃ  
)
 # ﬂ$!!ﬀ  

		 $ﬀ $ﬁ ﬃ% 5 $%ﬀ ﬁ $%'! $ﬁ 1  ﬂ  ﬁ  # +  ﬁﬁﬀ ﬀ, %ﬀ# ﬃ% ﬁ ,$ﬁ ﬂ!
.!ﬃ ﬂ ﬁ2 $%ﬀ ﬁ -$ﬂﬁ .  %ﬀ4 ﬃ- ﬁ + ﬀ "+
(
-ﬃ 5 + $#" %' ﬁ $%'! ﬃ- ﬁ
 
%Bﬃ. ! 'ﬁ ﬂﬃ% ﬀﬁ+  %# ﬁ .!ﬃ ﬂ ﬁ2 ﬃ- ﬁ ,$ﬁ ﬂ!
(
- ﬁ + ﬃ+ %ﬁ"+ ﬃ- ﬁ
,$ﬁ ﬂ!  % 3"#ﬁ ﬃ%  # B%ﬃ1 % "# %' ﬀ -ﬁ ﬂ$+/ + $#"+ %ﬁ# 5 $%ﬀ ﬁ .!ﬃ ﬂ ﬁ2  #
B%ﬃ1 % "# %' ﬁ  %Bﬃ. ﬂﬃ"%ﬁ# 5 ﬁ% ﬁ + $## ﬃ- ﬁ ,$ﬁ ﬂ!  # B%ﬃ1 % 5 1  ﬂ ﬂ$%
/ "#ﬀ ﬁﬃ  ﬀ%ﬁ -2 ﬁ ,$ﬁ ﬂ! #, ﬂ #
(
ﬃ1. 5 ﬀ" ﬁﬃ ﬁ G% ﬁ #ﬃ!"ﬁ ﬃ% ﬃ- ﬁ
ﬀﬁﬂﬁﬃ 5  ﬁ  # ﬃ-ﬁ% .2 ﬀ  ﬂ"!ﬁ ﬁﬃ #,$$ﬁ , ﬃ%# -ﬃ+ +"ﬃ%# /$#ﬀ ﬃ% ﬁ  + $##
$!ﬃ%
(
%! B ﬁ , ﬃ% $%ﬀ B$ﬃ% -ﬃ  %#ﬁ$%ﬂ 5 ﬁ + $## ﬀ   %ﬂ / ﬁ1% ﬁ , ﬃ% $%ﬀ
+"ﬃ%  # -$ ﬁﬃ ﬃ #+ $!! -ﬃ ﬁ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+ ﬁﬃ ﬀ #ﬁ %'" # / ﬁ1% ﬁ
ﬁ1ﬃ 5 1  ﬂ  # ﬁ $#ﬃ% ﬁ$ﬁ $% $ﬀﬀ ﬁ ﬃ%$! +"ﬃ% ﬀﬁﬂﬁﬃ  # 3" ﬀ
(
   ﬀﬁﬂﬁﬃ #ﬃ1 %  % & '"
  ()
D  # $%  %ﬁ%$! ﬂﬁ ﬃ%  + $' %' ﬀ. ﬂ
ﬁ$ﬁ "##
)

 
ﬁ % 3"$ﬁ /$# $$%'ﬀ  % $
)
0# ﬀﬀ , ﬃ!2'ﬃ% $ﬃ"%ﬀ ﬁ / $+ ! %
ﬁﬃ '%$ﬁ $%ﬀ ﬁ$%#, ﬃﬁ $  %Bﬃ. ﬂﬃ% ﬁﬃ $ "' 1$ﬁ0G !!ﬀ ﬁ$%B
(
  ﬁ  % ﬁ
1$ﬁ 5 ﬁ  %Bﬃ. ﬂﬃ%  + $'  # $!!ﬃ1ﬀ ﬁﬃ 4,$%ﬀ  % ﬀ $+ ﬁ $%ﬀ  # ﬁ% ﬀﬁﬂﬁﬀ
/2 $% $$2 ﬃ- $,,ﬃ4  + $ﬁ!2
) *
EE ,ﬃﬁﬃ+"!ﬁ , !  ﬁ"/ # !ﬃ ﬂ$ﬁﬀ ﬃ% ﬁ 4ﬁ ﬃ ﬃ-
ﬁ ﬁ$%B
(
 $#ﬃ% 1$ﬁ  # "#ﬀ  # / ﬂ$"#  ﬁ ﬁ$%#, ﬃﬁ# "!ﬁ$. ﬃ!ﬁ  %Bﬃ. ! 'ﬁ
1!! $%ﬀ  # .2  %4, %# .
(

H
 #2#ﬁ+ ﬂﬃ%# #ﬁ# ﬃ-
)**
/!ﬃ ﬂB# ﬃ- $ﬃ'! $$%'ﬀ  % ﬁ1ﬃ  0#$,ﬀ #ﬂﬁ ﬃ%#
$. %' ﬁ1ﬃ  %ﬀ ﬂ# ﬃ- -$ﬂﬁ ﬃ% ﬁ$ﬁ $ ﬂﬃ#% ﬁﬃ ,ﬃ.  ﬀ ﬃ,ﬁ + $! #,$$ﬁ ﬃ% ﬃ- B$ﬃ%#
$%ﬀ , ﬃ%# ﬃ. ﬁ -"!! + ﬃ+ %ﬁ"+ $%'
(
6 78 7  ;@=<A;= @  A<  ;=;<
 + ﬃ#ﬁ 4,%# . ﬂﬃ+ ,ﬃ%%ﬁ ﬃ- ﬁ  ﬀﬁﬂﬁﬃ 1  !! /  ﬁ !ﬂﬁﬃ+ $'%ﬁ ﬂ
ﬂ$!ﬃ + ﬁ 1  ﬂ 1  !! + $#" ,ﬃﬁﬃ% %'2 "# %' $% $$2 ﬃ- $,,ﬃ4  + $ﬁ!2
 
EEE
ﬁ$! "+ ﬀﬃ,ﬀ ﬂ# "+  ﬃﬀ ﬀ ﬂ2#ﬁ$!# 5  # I !M
(
L $#" %' ,ﬃﬁﬃ% %'2  # 4ﬁ+ !2
 + ,ﬃﬁ$%ﬁ $ﬁ ﬁ

&$ﬂﬁﬃ2 / ﬂ$"# ,ﬃﬁﬃ%# ﬂﬃ%#ﬁ ﬁ"ﬁ ﬁ G%$! ,ﬃﬀ"ﬂﬁ  % #.$! ﬃ-

Particle Trajectory
n2
Plan View 
n2
Side View
Detector
Surface
P
ar
tic
le
 T
ra
je
ct
or
y
n3
Quartz
n3
n3
n3
n1
n1
tz
z
y
z
x
ty
tx
7172A5
5-94
zθD
     	 
ﬃ1 %  # $% #ﬂ+ $ﬁ ﬂ ﬃ- $ # %'! 3"$ﬁ /$  % ﬁ   ﬀﬁﬂﬁﬃ
 !!"#ﬁ$ﬁ %' ﬁ , %ﬂ ,! /  %ﬀ  %Bﬃ. ﬂﬃ"%ﬁ# 
)*

( H
# $ ,$ﬁ ﬂ! %ﬁ# ﬁ 3"$ﬁ
/$ 5 $  %Bﬃ. ﬂﬃ%  # ﬂ$ﬁﬀ 1  ﬂ ﬁ% ,ﬃ,$'$ﬁ# ﬁﬃ ﬁ %ﬀ ﬃ- ﬁ /$ $%ﬀ ﬃ%ﬁﬃ
$ ﬀﬁﬂﬁﬃ #"-$ﬂ
(
ﬁ B2   . ﬃ!$ﬁ ﬃ% ﬀﬂ$2# 5  %ﬂ!"ﬀ %' ﬁ ﬀﬂ$2 C 
 
	 


$%ﬀ C 

 



(
&ﬃ 4$+ ,! 5 ﬁ ﬀﬂ$2 C 
 
	 


2  !ﬀ# ﬁ1ﬃ %"ﬁ$! ,  ﬃ%# $,,ﬃ4  + $ﬁ!2 ﬃ%
ﬁ ﬀ ﬃ- ﬁ ﬁ +  ﬁﬃ"' ﬁ #"/#3"%ﬁ ﬀﬂ$2 ﬃ- ﬁ



	



 


 	
I
  ()
EM


+ #ﬃ%  % ﬁ ﬀﬂ$2 C 
 


	 $!#ﬃ ﬂﬃ%ﬁ /"ﬁ# $ %"ﬁ$! ,  ﬃ% ﬁﬃ"' ﬁ
ﬀﬂ$2 + ﬃﬀ 	


 



(

ﬂ$"# %"ﬁ$! , ﬃ%# $. $ # '%$ﬁ" ﬀﬂ$2 ﬁﬃ ﬁ1ﬃ ,ﬃﬁﬃ%#
 
~2 m
~5 
m
Quartz Bar Sector
Plane Mirror (12)
Hinged Cover (12)
PMT Module 
Standoff Cone
     
     
 
 
 
 
 
  



 
 



    	 
ﬃ1 %  # $%  !!"#ﬁ$ﬁ ﬃ% ﬃ- ﬁ   
)*
 ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#0
ﬁ+
(
   ﬂﬃ+ , ##
)

 
ﬁ % 3"$ﬁ #ﬂﬁﬃ# ,ﬃ# ﬁ ﬃ%ﬀ  % $
)
0# ﬀﬀ ﬂ2! %ﬀ ﬂ$!
,ﬃ!2'ﬃ% ,$$!!! ﬁﬃ ﬁ / $+ , , 
(
 1ﬀ' #$, ﬀ ﬃ/  ﬂﬁ# $ﬁ ﬁ ﬁﬃ, ﬃ- ﬁ ﬀ 0
$'$+ ﬃ"# ﬁ +  ﬃ# $%ﬀ 1$ﬁ "#ﬀ ﬁﬃ ﬀ ﬂﬁ ﬁ ! 'ﬁ -ﬃ+ ﬁ 3"$ﬁ /$# ﬁﬃ
ﬁ ,ﬃﬁﬃ+"!ﬁ , !  ﬁ"/ # 5 $# 1!! $# ﬃ  $ #",, ﬃﬁ #ﬁ"ﬂﬁ" -ﬃ ﬁ ,ﬃﬁﬃ+"!ﬁ ,! 
ﬁ"/ #
(
D 
(
   ﬃ- ﬁ ﬁ +  5


   
I
  ()
E
 
M
$% 4ﬂ!!%ﬁ ,ﬃﬁﬃ% ﬀﬁﬂﬁﬃ  # ##%ﬁ $!  % ﬃﬀ ﬁﬃ + $#" ﬁ ,#%ﬂ ﬃ-

 + #ﬃ%#
ﬁ$ﬁ $ ,ﬃﬀ"ﬂﬀ  % .$ ﬃ"# ﬀﬂ$2 ﬂ$ %#
(

ﬃ1 %  % & '"
  (
E  # $ # ﬀ . 1 ﬃ- ﬁ ﬂ$!ﬃ + ﬁ /$! $%ﬀ -ﬃ1$ﬀ %ﬀﬂ$, F
ﬁ -"!! ﬀﬁﬂﬁﬃ  # ﬂ2 ! %ﬀ ﬂ$!!2 #2+ + ﬁ ﬂ $/ ﬃ"ﬁ ﬁ / $+ $4  #
( 
ﬃﬁ ﬂ ﬁ$ﬁ ﬁ
!ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ ﬀﬃ# %ﬃﬁ 4ﬁ%ﬀ ﬂﬃ+ ,!ﬁ!2  % ﬁ /$ﬂB1$ﬀ ﬀ ﬂﬁ ﬃ% ﬁﬃ
ﬂﬃ. ﬁ $ %ﬀﬂ$,
(
" ﬁﬃ ﬁ $#2+ + ﬁ ﬂ / $+ %' # ﬁ$ﬁ ,ﬃﬀ"ﬂ $ / ﬃﬃ#ﬁ  %
ﬁ -ﬃ1$ﬀ ﬀ ﬂﬁ ﬃ% 5 -1 ,$ﬁ ﬂ!# 1  !! $. + ﬃ+ %ﬁ"+  % ﬁ /$ﬂB1$ﬀ ﬀ ﬂﬁ ﬃ% 5
*
$%ﬀ ﬀ" ﬁﬃ ﬁ  ' ﬂﬃ#ﬁ  %.ﬃ!.ﬀ 5  ﬁ 1$# -!ﬁ ﬁ$ﬁ ﬁ ,#%ﬁ ﬀ# '% 1$# ﬁ / #ﬁ
ﬂﬃ+ ,ﬃ+  #
(
     	   $'$+ #ﬃ1  %' ﬁ !ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ 
)*
 I$!! ﬀ  + %# ﬃ%#
#ﬃ1 % $  % +  !! + ﬁ#M
( H
# 1  ﬁ ﬁ ﬃﬁ ﬀﬁﬂﬁﬃ ﬂﬃ+ ,ﬃ%%ﬁ# #ﬃ1 %  % ﬁ # ﬂ$,0
ﬁ 5 ﬁ !ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ  # $ -" !! ﬂ2 ! %ﬀ F ﬁ  !!"#ﬁ$ﬁ ﬃ% ,ﬃ.  ﬀﬀ   #
ﬃ%!2 $ # ﬀ . 1
( H
!#ﬃ %ﬃﬁ ﬂ ﬁ$ﬁ ﬁ ﬂ2#ﬁ$!# $ %ﬃﬁ $$%'ﬀ #2+ + ﬁ ﬂ$!!2 $/ ﬃ"ﬁ
ﬁ  %ﬁ$ﬂﬁ ﬃ% ,ﬃ %ﬁ 5 /"ﬁ $ﬁ ﬃ  #ﬁ #ﬃ ﬁ$ﬁ + ﬃ ﬂ2#ﬁ$!# $ ,#%ﬁ  % ﬁ -ﬃ1$ﬀ
' ﬃ%
(

ﬂ %ﬁ !!$ﬁﬃ# 5 #"ﬂ $# ﬁ ﬂ2#ﬁ$!# ﬁ$ﬁ 1  !! /  "#ﬀ -ﬃ ﬁ !ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + 0
ﬁ 5 1ﬃB /2 $/#ﬃ/ %' ﬁ %'2 ﬃ- $%  %ﬂﬃ+  %' ,ﬃﬁﬃ% ﬃ ,$ﬁ ﬂ! $%ﬀ +  ﬁﬁ %' ! 'ﬁ
 % $% %'2 ' +  ﬁﬃ 1  ﬂ ﬀﬁﬂﬁﬃ #%# ﬁ .  ﬁ2  # 1!! + $ﬁﬂﬀ
(
2, ﬂ$!!2 ,ﬃﬁﬃ+"!0
ﬁ , !  ﬁ"/ # $ "#ﬀ ﬁﬃ ﬀﬁﬂﬁ ﬁ #ﬂ %ﬁ !!$ﬁ ﬃ% ! 'ﬁ 5 /"ﬁ  %#ﬁ$ﬀ ﬁ  ﬂ$!ﬃ + ﬁ
1  !! + $B "# ﬃ- #+ $!! 5 !## 4, %# . # ! ﬂﬃ% 

,ﬃﬁﬃﬀ ﬃﬀ#  % ﬂﬃ% "%ﬂﬁ ﬃ% 1  ﬁ
1$.!%'ﬁ # -ﬁ %' "ﬃ#ﬂ%ﬁ ﬀ2#
(
 ,",ﬃ# ﬃ- ﬁ 1$.!%'ﬁ # -ﬁ  # ﬁﬃ # -ﬁ
ﬁ 1$.!%'ﬁ ﬃ- ﬁ  # I !M #ﬂ %ﬁ !!$ﬁ ﬃ% ! 'ﬁ I
 
E %+ M ﬁﬃ + $ﬁﬂ ﬁ #%# ﬁ . $%'
ﬃ- ﬁ ,ﬃﬁﬃﬀ ﬃﬀ ID
 
E %+ M
( H
-ﬁ ﬁ #ﬂ %ﬁ !!$ﬁ ﬃ% ! 'ﬁ $# / % ﬂﬃ!!ﬂﬁﬀ /2 ﬁ 

,ﬃﬁﬃﬀ ﬃﬀ# 5 ﬁ ,"!# ﬁ$ﬁ  # ﬃ/#.ﬀ  # ﬀ ﬂﬁ!2 ,ﬃ, ﬃﬁ ﬃ%$! ﬁﬃ ﬁ %'2 ﬃ- ﬁ

 %ﬂ ﬀ%ﬁ ,ﬃﬁﬃ% ﬃ ,$ﬁ ﬂ!
(
%ﬃ'$% ﬂ ﬂ2#ﬁ$!# #"ﬂ $#  # I !M $ ,$ﬁ ﬂ"!$!2 1!!
#" ﬁﬀ $# #ﬂ %ﬁ !!$ﬁﬃ# / ﬂ$"# ﬃ- ﬁ   ' ﬀ%# ﬁ2 I#ﬁﬃ,, %' ,ﬃ1M $%ﬀ  ' ! 'ﬁ
ﬃ"ﬁ,"ﬁ 1  ﬂ !$ﬀ# ﬁﬃ 'ﬃﬃﬀ %'2 #ﬃ!"ﬁ ﬃ%
(
 %# ﬁ2 ﬃ- ﬁ #ﬂ %ﬁ !!$ﬁﬃ + $ﬁ $!  #
.2  + ,ﬃﬁ$%ﬁ / ﬂ$"#  - ﬁ ,$ﬁ ﬂ!  # %ﬃﬁ ﬂﬃ+ ,!ﬁ!2 $/#ﬃ/ ﬀ  % ﬁ + ﬀ "+ ﬁ%
ﬁ %'2 ﬀ, ﬃ# ﬁ ﬃ% ﬁ$ﬁ  # + $#"ﬀ  # %ﬃﬁ ﬁ ﬁﬃﬁ$! %'2 ﬃ- ﬁ ,$ﬁ ﬂ! 5 /"ﬁ
$ﬁ ﬃ%!2 ﬁ $+ ﬃ"%ﬁ !ﬃ#ﬁ 1  ! ,$## %' ﬁﬃ"' ﬁ ﬂ$!ﬃ + ﬁ
(  
2 ﬁ #$+  ﬁﬃB% 5
ﬁ + $## ﬃ- ﬁ ﬀﬁﬂﬁﬃ ﬂﬃ+ ,ﬃ%%ﬁ# ﬁ$ﬁ !  / ﬁ1% ﬁ  %ﬁ$ﬂﬁ ﬃ% ,ﬃ %ﬁ $%ﬀ ﬁ
!ﬂﬁﬃ+ $'%ﬁ ﬂ ﬂ$!ﬃ + ﬁ +"#ﬁ /  B,ﬁ !ﬃ1 #ﬃ ﬁ$ﬁ $# ! ﬁﬁ! %'2 $# ,ﬃ## / !  # !ﬃ#ﬁ
/2 ﬁ ,$ﬁ ﬂ!# $# ﬁ2 + $B ﬁ  1$2 ﬁﬃ ﬁ #ﬂ %ﬁ !!$ﬁﬃ# 5 $%ﬀ ﬁ ﬂ$!ﬃ + ﬁ  # $/!
ﬁﬃ + $B $% $ﬂﬂ"$ﬁ + $#"+ %ﬁ ﬃ- ﬁ %'2 ﬃ- ﬁ ,$ﬁ ﬂ!# $ﬁ ﬁ ﬁ +  ﬃ- ﬂ$ﬁ ﬃ%
(
 % ,ﬃﬁﬃ%#  %ﬁ$ﬂﬁ 1  ﬁ + ﬁ$! ﬁ2 + $2 ﬂﬃ%.ﬁ ﬁﬃ  	 ,$ # ﬁ$ﬁ ﬂ"! ",  % $
+ $'%ﬁ ﬂ G!ﬀ
(
 ﬂﬃ%#3"%ﬂ ﬃ- ﬁ # ﬂﬃ%.# ﬃ%  # ﬁ$ﬁ ﬁ %'2 ﬁ$ﬁ ﬁ  %  ﬁ $!
,ﬃﬁﬃ% 1$# ﬂ$2 %' ﬀﬃ# %ﬃﬁ $ﬂ ﬁ ﬂ$!ﬃ + ﬁ 5 ﬃ 5  - ﬁ  	 ,$ # ﬀﬃ $ﬂ ﬁ
ﬂ$!ﬃ + ﬁ 5 ﬁ2 $ ﬀﬁﬂﬁﬀ /2 $ ﬀ   %ﬁ #ﬂ %ﬁ !!$ﬁﬃ ﬂ2#ﬁ$! ﬁ$% ﬁ #ﬁ ﬃ- ﬁ
ﬀﬂ$2 ,ﬃﬀ"ﬂﬁ# $%ﬀ $ ﬁ-ﬃ %ﬃﬁ $##ﬃﬂ $ﬁﬀ 1  ﬁ ﬁ #$+  .%ﬁ
(
6 78 7  A   ;=<   <A ? ;=;@=A<

"ﬃ"%ﬀ %' ﬁ  ﬀﬁﬂﬁﬃ  # $ !$'  ﬃ% ﬁ"% 2ﬃB ﬁ$ﬁ  #  %#ﬁ"+ %ﬁﬀ ﬁﬃ
,ﬃ. ﬀ +"ﬃ% $%ﬀ



 ﬀ%ﬁ Gﬂ$ﬁ ﬃ%
(
 $/ ! ﬁ2 ﬁﬃ ﬀﬁﬂﬁ +"ﬃ%#  #  + ,ﬃﬁ$%ﬁ / ﬂ$"#
B%ﬃ1  %' ﬁ %'2 ﬃ + ﬃ+ %ﬁ"+ $%ﬀ ﬂ$' ﬃ- ﬁ !,ﬁﬃ% 1  !!  %ﬀ ﬂ$ﬁ 1 ﬁ $ C 
ﬃ $ C

ﬀﬂ$2 $# ﬃﬂﬂ"ﬀ
( H
# + %ﬁ ﬃ%ﬀ  % 
ﬂﬁ ﬃ% 
(
 5 $ , ﬃ# ﬁ .!2 ﬂ$'ﬀ !,ﬁﬃ%
ﬃ B$ﬃ% 1  !! ﬁ$' $  ﬀﬂ$25 1  ! $ %'$ﬁ .!2 ﬂ$'ﬀ !,ﬁﬃ% ﬃ B$ﬃ% 1  !! ﬁ$' $  ﬀﬂ$2
(
ﬃB %' /$ﬂB1$ﬀ# 5  ﬁ  # ﬁ% ,ﬃ## /! ﬁﬃ B%ﬃ1 ﬁ , ﬃ %ﬁ  % ﬁ +  1 % ﬃ% ﬃ-  ﬁ
ﬃ- ﬁ C + #ﬃ%# 1$#  % $ ﬀG% ﬁ #ﬁ$ﬁ $# $ C  ﬃ C

(
  %#ﬁ"+ %ﬁﬀ "4 ﬁ"% I& M  !!"#ﬁ$ﬁﬀ  % & '" 
(

)
 # 
*
!$2# ﬃ- #ﬁ! 5
 
$ﬂ ﬃ- 1  ﬂ  # 
(
 ﬂ+ ﬁ ﬂB 5 1  ﬂ #ﬂ% ﬃ"ﬁ , ﬃ%# /2 ,.%ﬁ %' , ﬃ%  ,"%ﬂ0
ﬁﬃ"' 5 1  ﬁ # #ﬁ . ,!$ﬁ ﬂﬃ"%ﬁ# I #M  %#ﬁﬀ / ﬁ1% ﬁ ,!$ﬁ#
(
 , %0
ﬂ , ! /  %ﬀ ﬁ  #  # # +  !$ ﬁﬃ ﬁ$ﬁ ﬃ- ﬁ ﬀ -ﬁ ﬂ$+/
(
 % $ ﬂ$'ﬀ ,$ﬁ ﬂ!
,$### ﬁﬃ"' ﬁ ﬂ$+/ 5  ﬁ  ﬃ% # ﬁ '$# 5 $%ﬀ $ # '%$!  # + $#"ﬀ ﬃ% !ﬂﬁﬃﬀ
,!$ﬁ# + $ﬀ ﬃ-  + + 0ﬁ ﬂB
 
$B! ﬁ
(
  ﬃ% #ﬁ"ﬂﬁ" $!#ﬃ ,ﬃ. ﬀ# ﬁ 4ﬁ%$! "4 ,$ﬁ -ﬃ ﬁ + $'%ﬁ ﬂ G!ﬀ -ﬃ+
ﬁ #", ﬂﬃ%ﬀ"ﬂﬁ %' #ﬃ!%ﬃ ﬀ ﬁ$ﬁ 1  !! /  + %ﬁ ﬃ%ﬀ  % ﬁ %4ﬁ #ﬂﬁ ﬃ%
(
 $#ﬃ%
ﬁ$ﬁ ﬁ # ﬀﬁﬂﬁﬃ $##+/!2  # ﬂ$!!ﬀ ﬁ   %#ﬁ"+ %ﬁﬀ "4 ﬁ"%  # ﬁ$ﬁ 1  ! ﬁ
 ﬃ% -$+ 1ﬃB #.# $# ﬁ "4 ﬁ"% 5 ﬁ  %ﬁ ﬃ #,$ﬂ / ﬁ1% ﬁ  ﬃ% !$2#  #
 %#ﬁ"+ %ﬁﬀ 1  ﬁ +"ﬃ% $%ﬀ %"ﬁ$! $ﬀﬃ% ﬀﬁﬂﬁﬃ#
(
6 78 78  ;= A 
  + $'%ﬁ  # $
)(
  #",ﬂﬃ%ﬀ"ﬂﬁ %' #ﬃ!%ﬃ ﬀ 1  ﬁ $ "% -ﬃ+  ﬁ2 ﬃ-    %
ﬁ ﬁ$ﬂB %' ' ﬃ%
(
 ﬂﬃ%ﬀ"ﬂﬁﬃ  # + $ﬀ ﬃ- $ #",ﬂﬃ%ﬀ"ﬂﬁ %' % ﬃ/ "+ ﬁ ﬁ$% "+
I

/  M ﬂ$/! 1  ﬂ ﬃ,$ﬁ# $ﬁ $ ﬁ+ ,$ﬁ" ﬃ- E 
(
" ﬁﬃ ﬁ !ﬃ1 ﬁ+ , $ﬁ"#
3" ﬀ -ﬃ ﬁ ﬃ,$ﬁ ﬃ% ﬃ- ﬁ #", ﬂﬃ%ﬀ"ﬂﬁ %' + $'%ﬁ 5 $ #"ﬃ"%ﬀ %' ﬂ2ﬃ'% ﬂ
#2#ﬁ+  # $!#ﬃ %ﬂ##$2
(
 
     	   $'$+ #ﬃ1  %' ﬁ  %#ﬁ"+ %ﬁﬀ "4 ﬁ"% I& M 
)*  (
% / ﬁ1%
ﬁ + $%2  ﬃ% ,!$ﬁ# ﬁ$ﬁ #. $# ﬁ + $'%ﬁ ﬂ "4 ﬁ"% 5 # #ﬁ . ,!$ﬁ ﬂﬃ"%ﬁ#
$  %#ﬁﬀ ﬁﬃ ﬀﬁﬂﬁ +"ﬃ%# $%ﬀ %"ﬁ$! $ﬀﬃ%#
(
 
M
X
       	 
ﬂ+ $ﬁ ﬂ #ﬃ1  %' ﬁ + $'%ﬁ ﬂ G!ﬀ ! %# ﬃ- ﬁ
)(
  + $'%ﬁ 
)*  (

#ﬃ!%ﬃ ﬀ -ﬃ ﬁ #",ﬂﬃ%ﬀ"ﬂﬁ %' + $'%ﬁ  # ﬃ"#ﬀ 1  ﬁ % ﬁ & #ﬃ1 %  % & '" 
(

)(
 ﬃ ﬃ%ﬁ$! G!ﬀ ! %# $ﬁ ﬁ /ﬃﬁﬁﬃ+ ﬃ- ﬁ ﬀ $'$+  %ﬀ ﬂ$ﬁ 'ﬃﬃﬀ G!ﬀ "% -ﬃ+  ﬁ2
 % ﬁ ' ﬃ% 1  ﬁ ﬀ -ﬁ ﬂ$+/ 1  !! /  !ﬃ ﬂ$ﬁﬀ
(
   
 	
      	
   
  
 
ﬀ  ﬁﬂﬃ  !  # $%  %#ﬁ"+ %ﬁ "#ﬀ  % ﬁ ﬀﬁﬂﬁ ﬃ% ﬃ- ﬂ$'ﬀ ,$ﬁ ﬂ!# /2 + $%#
ﬃ- ﬃ/#. %'  ﬃ% $ﬁ ﬃ%  % ﬁ ﬂ$+/ + ﬀ "+ I"#"$!!2 ﬁ$B% ﬁﬃ /  '$#ﬃ"#M  %ﬀ"ﬂﬀ
/2 ﬁ ,$ﬁ ﬂ!# $# ﬁ2 ﬁ$.# ﬁ ﬂ$+/  5  %ﬁ$ﬂﬁ %' 1  ﬁ ﬁ + ﬃ!ﬂ"!# 1  ﬁ %
(
ﬁ# $!2 ,ﬀﬂ##ﬃ#  %ﬂ!"ﬀ ﬁ  ﬃ% $ﬁ ﬃ% ﬂ$+/ 5 ﬁ ,ﬃ, ﬃﬁ ﬃ%$! ﬂﬃ"%ﬁ $%ﬀ ﬁ
"
 '0L #"!! ﬂﬃ"%ﬁ 5 $%ﬀ + ﬃ ﬂ%ﬁ!25 ﬁ +"!ﬁ 01   ,ﬃ, ﬃﬁ ﬃ%$! ﬂ$+/ 
(

/$# ﬂ "%ﬀ!2  %' , %ﬂ ,! /  %ﬀ $!! ﬃ- ﬁ# ﬀ.  ﬂ# 5  %ﬂ!"ﬀ %' ﬁ ﬀ -ﬁ ﬂ$+/  5  #
ﬁ #$+ 
(
  $  %	    

ﬃ%# ﬀ $ 4$'ﬃ%$! ﬂﬃ%ﬁ$ % G !!ﬀ 1  ﬁ '$# 5 -ﬃ 4$+ ,! 5 ﬃ% ﬃ- ﬁ ﬂ!!#  % ﬁ
,ﬃﬁﬃﬁ2,  ﬀ -ﬁ ﬂ$+/  ﬁ$ﬁ 1  !! /  ﬀ #ﬂ"##ﬀ  % $,ﬁ 
( H
1   "%% %' ﬁﬃ"'
ﬁ ﬂ%ﬁ ﬃ- ﬁ ﬂ!! 5 ﬁ
ﬃ

!
ﬃ &
!
&
!
1   5  # + $ %ﬁ$ %ﬀ $ﬁ $ ,ﬃ# ﬁ . .ﬃ!ﬁ$'
!$ﬁ . ﬁﬃ ﬁ #"ﬃ"%ﬀ %'
ﬁﬃﬂ 

!
ﬃ '
!

 1  # 1  ﬂ ﬂ$ﬁ $% !ﬂﬁ ﬂ G!ﬀ ﬀ ﬂﬁﬀ
-ﬃ+ ﬁ $%ﬃﬀ ﬁﬃ ﬁ ﬂ$ﬁﬃﬀ I# & '"
* (
M
(
 % $  ' %'2 ,$ﬁ ﬂ! %ﬁ# ﬁ ﬂ$+/  5 !ﬂﬁﬃ%0 ﬃ% ,$ # + $2 /  ﬂ$ﬁﬀ
1 % ﬁ ,$ﬁ ﬂ! ﬂﬃ!! ﬀ# 1  ﬁ ﬃ% ﬃ- ﬁ $ﬁﬃ+ #  % ﬁ '$# 5 B%ﬃﬂB %' ﬃ% ﬃ- ﬁ !ﬂﬁﬃ%#
ﬃ"ﬁ -ﬃ+  ﬁ# ﬃ/ ﬁ -ﬃ+ $ﬃ"%ﬀ ﬁ %"ﬂ!"# 5
J ()*+,-
 . / 0 /

.
J ()*+,-
 . 
	 	
I
* ()
E
*
M
D
 E
+
+
+
+
+
-
-
-
-
-
-
-
anode wire
(positive)
charged particle
cathode wire
(ground)
      	 
ﬂ+ $ﬁ ﬂ ﬃ- $ ﬀ -ﬁ ﬂ$+/ ﬂ!!
( H
ﬂ$'ﬀ ,$ﬁ ﬂ!  # #ﬃ1 % %ﬁ %'
ﬁ ﬂ!! .ﬃ!"+  1 ",ﬃ%  ﬁ ,ﬃﬂﬀ# ﬁﬃ  ﬃ%  ﬁ ﬀ -ﬁ ﬂ$+/  '$#
(
 !ﬂﬁﬃ%#
-ﬀ  % ﬁ  ﬃ% $ﬁ ﬃ% ,ﬃ ﬂ## $ﬂﬂ!$ﬁ ﬁﬃ1$ﬀ ﬁ $%ﬃﬀ 1   ﬀ" ﬁﬃ ﬁ ,ﬃﬁ%ﬁ $!
ﬀ    %ﬂ / ﬁ1% ﬁ $%ﬃﬀ $%ﬀ ﬂ$ﬁﬃﬀ 1  #
(
 ﬀ$#ﬀ ! %# $  %ﬂ!"ﬀﬀ ﬃ%!2
ﬁﬃ  %ﬀ ﬂ$ﬁ ﬁ 4$'ﬃ%$! #$,  ﬃ- ﬁ ﬂ!! F %ﬃ ,2# ﬂ$! / ﬃ"%ﬀ$2 4  #ﬁ# ﬃﬁ ﬁ$% ﬁ
ﬂ$ﬁﬃﬀ 1  # ﬁﬃ ﬀG% ﬁ ﬂ!! 'ﬃ+ ﬁ2
(
 #  # ﬁ ,ﬃﬂ## B%ﬃ1 % $# 


ﬃ


(
% ﬁ ,#%ﬂ ﬃ- ﬁ !ﬂﬁ ﬂ G!ﬀ 5 %'$ﬁ .!2 ﬂ$'ﬀ !ﬂﬁﬃ%# 1  !! $ﬂﬂ!$ﬁ
ﬁﬃ1$ﬀ ﬁ %$#ﬁ $%ﬃﬀ 1   / ﬂ$"#  ﬁ  # !ﬀ $ﬁ $ , ﬃ# ﬁ . , ﬃﬁ%ﬁ $! !$ﬁ . ﬁﬃ ﬁ
ﬂ$ﬁﬃﬀ 1  # $ﬁ ﬁ ﬀ' ﬃ- ﬁ ﬂ!! / ﬃ"%ﬀ$25 1  ! ﬁ + $ % %'  ﬃ%# 1  !! +  '$ﬁ
ﬁﬃ1$ﬀ ﬁ ﬂ$ﬁﬃﬀ 1  # 1  ﬂ $ + $ %ﬁ$ %ﬀ $ﬁ $ !$ﬁ .!2 %'$ﬁ . , ﬃﬁ%ﬁ $!
(
 $%ﬃﬀ 1  #  % $ ﬀ -ﬁ ﬂ$+/ $.  ' .ﬃ!ﬁ$' $,,! ﬀ ﬁﬃ ﬁ+ #ﬃ ﬁ$ﬁ 1 %
ﬁ !ﬂﬁﬃ%0 ﬃ% ,$ # $ ﬂ$ﬁﬀ $%ﬀ ﬁ !ﬂﬁﬃ%# $ﬂﬂ!$ﬁ ﬁﬃ1$ﬀ ﬁ $%ﬃﬀ 1   5
$ﬂ ﬃ- ﬁ  
 ﬃ


!ﬂﬁﬃ%#  # ﬁ% $/! ﬁﬃ '$ % #" ﬂ %ﬁ %'2 ﬀ" ﬁﬃ ﬁ  '
  )
$ﬂﬂ!$ﬁ ﬃ% ﬁﬃ -"ﬁ  ﬃ%  ﬁ ﬂ$+/ '$# + ﬃ!ﬂ"!# ﬁ$ﬁ !   %  ﬁ# ,$ﬁ 5 - %'
& !ﬁﬃ !ﬂﬁﬃ%#  % ﬁ ,ﬃ ﬂ##
(
# #ﬂﬃ%ﬀ$2 !ﬂﬁﬃ%# $ ﬁ% $/! ﬁﬃ ,ﬃﬀ"ﬂ
+ ﬃ  ﬃ% $ﬁ ﬃ% $%ﬀ ﬁ ,ﬃﬂ## #ﬂ$!$ﬁ#  %ﬁﬃ 1 $ﬁ  # ﬂ$!!ﬀ $%  ﬃ ﬃ ﬃ 
ﬃ ﬁﬂ !
(
-
$ #" ﬂ %ﬁ!2 !$' %"+/  ﬃ- !ﬂﬁﬃ%# $ ﬂﬃ%ﬁ$ %ﬀ  % ﬁ $.$!$%ﬂ $%ﬀ $ ﬂﬃ!!ﬂﬁﬀ
$ﬁ ﬁ #%# 1   Iﬁ$ﬁ  # 5 %ﬃ"' ﬂ$'M 5 ﬁ% $ # '%$! + $2 / ﬀﬁﬂﬁﬀ
(
 %"+/ 
ﬃ- !ﬂﬁﬃ%# $ﬁ $ﬂ #ﬁ, , + $2  ﬃ% $ﬁ ﬃ% 5 #ﬂﬃ%ﬀ$2  ﬃ% $ﬁ ﬃ% 5 !$ﬀ %' ", ﬁﬃ $%ﬀ
 %ﬂ!"ﬀ %' ﬁ !ﬂﬁﬃ% $.$!$%ﬂ ﬁ$ﬁ ﬂﬃ!!ﬂﬁ# ﬃ% ﬁ #%# 1   $%ﬀ "!ﬁ + $ﬁ!2 ﬁ
 'ﬁ ﬃ- ﬁ ,"!# ﬁ$ﬁ  # + $#"ﬀ  # ﬀ  ﬂﬁ!2 ,ﬃ, ﬃﬁ ﬃ%$! ﬁﬃ ﬁ %'2 ﬃ- ﬁ
ﬂ$'ﬀ ,$ﬁ ﬂ!
(
 
ﬃ
& 
ﬃ


 # ﬀG%ﬀ ﬁﬃ /  ﬁ $ﬁ ﬃ ﬃ- ﬁ %"+/ ﬃ- !ﬂﬁﬃ%#  %
ﬁ $.$!$%ﬂ ﬁ$ﬁ $ . $ﬁ ﬁ #%# 1   ﬁﬃ ﬁ %"+/  ﬃ-  %  ﬁ $! , + $2  ﬃ%# 5 $%ﬀ
 # ﬁ2, ﬂ$!!2 ﬃ% ﬁ ﬃﬀ ﬃ-
)
E
(
 ﬁ +  ﬁ$B% -ﬃ+ ﬁ G#ﬁ  ﬃ% $ﬁ ﬃ% 5
*

5 ﬁﬃ # '%$! $ﬀﬃ"ﬁ 5
*
5 + $2 /  + $#"ﬀ
"# %' $% 4ﬁ%$! ﬁ '' ﬁ$ﬁ  %ﬀ ﬂ$ﬁ# ﬁ , ﬃ %ﬁ ﬃ- $ ﬂﬁ$ % .%ﬁ  % ﬁ + 
(
 # %' ﬁ #
 %-ﬃ+ $ﬁ ﬃ% 5 ﬁ ﬀ -ﬁ ﬁ +  ﬂ$% /  ﬀﬀ"ﬂﬀ
(
% ﬁ ﬂ$# ﬃ- ﬁ ,ﬃﬁﬃﬁ2,  ﬀ -ﬁ ﬂ$+/ 
ﬁ$ﬁ 1  !! /  ﬀ #ﬂ"##ﬀ  % $,ﬁ  5 $ #ﬂ %ﬁ !!$ﬁ ﬃ% ﬂﬃ"%ﬁ ,!$ﬂﬀ $/ ﬃ. ﬁ ﬂ$+/
(
&"ﬁ+ ﬃ 5  - ﬁ !ﬂﬁﬃ%# ﬀ -ﬁ ﬁﬃ1$ﬀ ﬁ $%ﬃﬀ 1   1  ﬁ $ B%ﬃ1 % .!ﬃ ﬂ ﬁ25  5
ﬂ$!!ﬀ ﬁ 
ﬀ
  !


ﬁ


5 ﬁ% ﬁ ,ﬃ# ﬁ ﬃ% ﬃ- ﬁ ,$ﬁ ﬂ! 1 %  ﬁ ,$##ﬀ ﬁﬃ"' ﬁ
ﬂ!!  # $!#ﬃ B%ﬃ1 % 	

   

 
*
	
I
* ()
EM
% ,$ﬂﬁ ﬂ 5  ﬁ  # ﬀ# $/! ﬁﬃ $. $ ﬂﬃ%#ﬁ$%ﬁ !ﬂﬁ ﬂ G!ﬀ $%ﬀ $ ﬂﬃ%#ﬁ$%ﬁ ﬀ -ﬁ .!ﬃ ﬂ ﬁ2
#ﬃ ﬁ$ﬁ ﬁ  # $ ! %$ !$ﬁ ﬃ%# , / ﬁ1% ﬁ +  $%ﬀ ﬀ #ﬁ$%ﬂ ﬃ- ﬁ -ﬃ+ 
   I
* 	
*

M
(
-ﬃ 5 ﬁ1ﬃ ﬃ- ﬁ B2  %'ﬀ %ﬁ# ﬁﬃ $ #"ﬂﬂ##-" ! ﬀ -ﬁ ﬂ$+/   %ﬂ!"ﬀ 'ﬃﬃﬀ
B%ﬃ1 !ﬀ' ﬃ- ﬁ +  $%ﬀ $ 1!! "%ﬀ#ﬁﬃﬃﬀ ﬀ -ﬁ .!ﬃ ﬂ ﬁ2
(
ﬁ #ﬃ"!ﬀ /  + $ﬀ ﬂ!$ ﬁ$ﬁ
ﬁ  %ﬂﬃ+  %' ﬂ$'ﬀ ,$ﬁ ﬂ!  # %ﬃﬁ $/#ﬃ/ ﬀ  % ﬁ ,ﬃ ﬂ## ﬃ-  ﬃ% $ﬁ ﬃ% 5 /"ﬁ $ﬁ
!$.# $ ﬁ$ ! ﬃ-  ﬃ% $ﬁ ﬃ% / %ﬀ  ﬁ
(
 
 ﬃ1 1!! ﬁ , ﬃ# ﬁ ﬃ% ﬃ- ﬁ ,$ﬁ ﬂ!  # B%ﬃ1 % $%ﬀ ﬀﬁﬂﬁ ﬃ%  ﬂ %ﬂ2  # , + $ !2
'ﬃ.%ﬀ /2 ﬁ ﬂﬃ ﬂ ﬃ- '$# $%ﬀ ﬁ ﬂ!! #  $%ﬀ 'ﬃ+ ﬁ2 "#ﬀ  % ﬁ ﬂ$+/
(
   	  
  
 
 $ %"+ ﬃ"# '$# ,ﬃ, ﬁ # ﬁ$ﬁ ﬀ ﬂﬁ$ﬁ ﬁ #" ﬁ$/ ! ﬁ2 ﬃ- $ '$# -ﬃ $ ,$ﬁ ﬂ"!$
ﬀ -ﬁ ﬂ$+/ $%ﬀ .% + ﬃﬁ .$ﬁ ﬀ# '% -$ﬁ"#
( H
-1 ﬃ- ﬁﬃ# ﬂ$$ﬂﬁ #ﬁ ﬂ#  %ﬂ!"ﬀ
ﬁ ﬁ2,  ﬃ- '$# I1 ﬁ  ﬁ #ﬃ"!ﬀ /  + ﬃ%$ﬁﬃ+  ﬂ 5 ﬀ  $ﬁﬃ+  ﬂ ﬃ .% + ﬃ ﬂﬃ+ ,!4 M 5
ﬀ -ﬁ .!ﬃ ﬂ ﬁ # $%ﬀ ﬃ1 ﬁ # 3"$%ﬁ ﬁ2 -ﬃ .$ ﬃ"# '$## ﬂﬁ# ﬃ% ﬂ$+/ #ﬁ$/ ! ﬁ25
$%ﬀ '$# ﬀ  "# ﬃ%
(
 76 79 A @; A    ;
 $ $ %"+/ ﬃ- -$ﬂﬁﬃ# ﬁﬃ /  ﬂﬃ%# ﬀﬀ 1 % ﬂﬃﬃ# %' $ ﬀ -ﬁ ﬂ$+/ '$#
(
%
$,ﬁ  5 ﬁ %ﬀ ﬁﬃ ﬀ"ﬂ ﬁ ﬁﬃﬁ$! $+ ﬃ"%ﬁ ﬃ- + $ﬁ $!  % ﬁ ﬂ$+/ 1$# ﬃ"ﬁ! %ﬀ
$%ﬀ  % ﬃﬀ ﬁﬃ + $#" !ﬃ1 + ﬃ+ %ﬁ"+ ,$ﬁ ﬂ!# 5 $%ﬀ ﬃ/ﬁ$ % 	
	

  %-ﬃ+ $ﬁ ﬃ% -ﬃ
,$ﬁ ﬂ!# ﬁ$ﬁ 1  !! %ﬃﬁ $ﬂ ﬁ ,$ﬁ ﬂ!  ﬀ%ﬁ Gﬂ$ﬁ ﬃ% #2#ﬁ+ 5 +"!ﬁ ,! #ﬂ$ﬁﬁ %'  #
3" ﬀ ﬁﬃ /  $# #+ $!! $# , ﬃ## / !
(
&ﬃ %ﬃ1 ﬁﬃ"' 5 + ﬃ '% ﬂ 3" + %ﬁ# 1  !! / 
ﬀ #ﬂ"##ﬀ 1  ﬂ $ ﬂﬃ+ + ﬃ% ﬁﬃ ﬀ -ﬁ ﬂ$+/ #  % '%$!
(
&ﬃ $ ﬂ$+/ ﬁ$ﬁ ﬃ, $ﬁ# $ﬁ ﬃﬃ+ ﬁ+ ,$ﬁ" $%ﬀ $ﬁ+ ﬃ#, ﬂ ,##" 5 ﬁ
$ ﬃ%!2 $ -1 !+ %ﬁ# ﬁ$ﬁ 4  #ﬁ  % $ '$#ﬃ"# #ﬁ$ﬁ #"ﬂ $# ﬃ42'% I
 M 5 %  ﬁﬃ'% I

 M 5
"ﬃ % I&  M 5 $%ﬀ ﬁ %ﬃ/! '$## 5 ! "+ I  M 5 %ﬃ% I

M 5 $'ﬃ% I
H
M 5 B2,ﬁﬃ% I M 5
$%ﬀ 4%ﬃ% I M
( 
ﬃﬁ ﬂ ﬁ$ﬁ ﬁ %ﬃ/! '$## $ + ﬃ%$ﬁﬃ+  ﬂ 1  ! ﬃ42'% 5 % ﬁﬃ'%
$%ﬀ "ﬃ % $ ﬀ $ﬁﬃ+  ﬂ $%ﬀ ﬁ-ﬃ + ﬃ ﬂﬃ+ ,!4
(
- ﬁ #  ﬃ- ﬁ + ﬃ!ﬂ"!  #
%ﬃﬁ $%  ##" 5 .% + ﬃ ﬂﬃ+ ,!4 '$# +  4ﬁ"# 1ﬃ"!ﬀ / , ﬃ## / !
(
 ﬃ1. 5 '%$! 3" + %ﬁ# ﬁ$ﬁ ﬀ ﬂﬁ$ﬁ ﬁ ﬂﬃ ﬂ ﬃ- '$#  %ﬂ!"ﬀ $. %' $ !ﬃ1
 
ﬃ,$ﬁ %' $%ﬃﬀ .ﬃ!ﬁ$'
( H
.$!$%ﬂ +"!ﬁ , ! ﬂ$ﬁ ﬃ% ﬃ ﬂﬂ"#  % %ﬃ/! '$## #"ﬂ $# $0
'ﬃ% $%ﬀ ! "+ "# %' +"ﬂ !ﬃ1 $%ﬃﬀ .ﬃ!ﬁ$'# ﬁ$% '$# +  4ﬁ"#  %.ﬃ!.  %' ﬂﬃ+ 0
,!4 + ﬃ!ﬂ"!# / ﬂ$"# ﬃ- ﬁ + $%2 %ﬃ%0 ﬃ%  %' %'2 ﬀ ## ,$ﬁ ﬃ% + ﬃﬀ# ﬂﬃ+ ,!4
+ ﬃ!ﬂ"!# $. $.$ !$/!
(
&ﬃ  %#ﬁ$%ﬂ 5 $% 4ﬂ ﬁﬀ %ﬃ/! '$# $ﬁﬃ+ ﬂ$% ﬁ"% ﬁﬃ  ﬁ#
'ﬃ"%ﬀ #ﬁ$ﬁ ﬃ%!2 ﬁﬃ"' $ $ﬀ $ﬁ . ,ﬃﬂ##  % 1  ﬂ $ ,ﬃﬁﬃ%  # +  ﬁﬁﬀ 5 1  ﬂ  %
ﬁ"% ﬂ$% !$ﬀ ﬁﬃ -"ﬁ  ﬃ% $ﬁ ﬃ% $.$!$%ﬂ %'
(
ﬃ+ ,!4 + ﬃ!ﬂ"!# 5 ﬃ% ﬁ ﬃﬁ $%ﬀ 5
ﬂ$% ﬀ ## ,$ﬁ %'2 ﬁﬃ"' ﬂﬃ!! # ﬃ%# $%ﬀ ﬀ #$##ﬃﬂ $ﬁ ﬃ%  %ﬁﬃ #+ $!! + ﬃ!ﬂ"!# 1  ﬂ
ﬁ # + ,! %ﬃ/! '$## ﬂ$%%ﬃﬁ ﬀﬃ
(
H
ﬁ  ' .ﬃ!ﬁ$'# 5 ﬁ  # $ ,ﬃ/!+ 1  ﬁ $.  %' ﬃ%!2 %ﬃ/! '$## ,#%ﬁ  % ﬁ
ﬂ$+/ 
(
 !ﬁ$. ﬃ!ﬁ ,ﬃﬁﬃ%# ﬁ$ﬁ $ !$#ﬀ  % ﬁ ,ﬃ ﬂ## ﬃ- ﬀ04ﬂ ﬁ$ﬁ ﬃ% ﬃ- $%
4ﬂ ﬁﬀ %ﬃ/! $ﬁﬃ+ 5 / 5

	
. / 0 /   0 / .

I
* ()
E
 
M
$ ﬁ2, ﬂ$!!2 +"ﬂ '$ﬁ  % %'2 I
))( 
 -ﬃ $'ﬃ% 5
)
D
(
   -ﬃ ! "+ M 
) 
ﬁ$%
ﬁ 1ﬃB -"%ﬂﬁ ﬃ%  ﬃ- $%2 + ﬁ$! ﬂ$ﬁﬃﬀ I
* (
   -ﬃ $ 'ﬃ!ﬀ ,!$ﬁﬀ ﬂ$ﬁﬃﬀM 
)  (
%1$%ﬁﬀ ,ﬃﬁﬃ!ﬂﬁﬃ%# -ﬃ+ ﬁ ﬂ$ﬁﬃﬀ $ ,ﬃﬀ"ﬂﬀ 1 % #ﬁ"ﬂB /2 ﬁ#  '
%'2 !ﬂﬁﬃ%# 5 1  ﬂ  % ﬁ"% /' % ﬁ , $ﬁﬀ  ﬃ% $ﬁ ﬃ% ,ﬃ ﬂ## $# ﬁ2 + ﬃ.
ﬁﬃ1$ﬀ ﬁ $%ﬃﬀ
(
 + ﬀ2  # ﬁﬃ $ﬀﬀ $ #+ $!! $+ ﬃ"%ﬁ ﬃ- 
! ﬁﬂ !
 '$# 5 $ ﬂﬃ+ ,!4
+ ﬃ!ﬂ"! #"ﬂ $# ﬂ$/ﬃ% ﬀ ﬃ4  ﬀ I
 M ﬃ  #ﬃ0/"ﬁ$% I0  

M 1  ﬂ ,.%ﬁ# ﬁ #
-ﬃ+ ﬃﬂﬂ" %'  % $ %"+/ ﬃ- 1$2#
(
&  #ﬁ 5 # %ﬂ ﬂﬃ+ ,!4 + ﬃ!ﬂ"!# $. $ !$'
%"+/ ﬃ- %ﬃ%0$ﬀ $ﬁ . 4ﬂ ﬁﬀ #ﬁ$ﬁ# Iﬃﬁ$ﬁ ﬃ%$! $%ﬀ .  /$ﬁ ﬃ%$!M 5 ﬁ2 ﬂ$% $/#ﬃ/
$ 1  ﬀ $%' ﬃ- ,ﬃﬁﬃ% %' # $%ﬀ  % ﬀﬃ %' #ﬃ ,.%ﬁ $.$!$%ﬂ %' /2 + ﬃ. %'
ﬁ "!ﬁ$. ﬃ!ﬁ $ﬀ $ﬁ ﬃ% -ﬃ+ ﬁ ﬀ04ﬂ ﬁ$ﬁ ﬃ% ,ﬃﬂ## / -ﬃ  ﬁ $ﬂ# ﬁ ﬂ$ﬁﬃﬀ 5
1  ﬁﬃ"ﬁ ﬂﬃ%ﬁ /"ﬁ %' $% !ﬂﬁﬃ%  % ﬁ ,ﬃﬂ##
(

 ﬁ 1$2# ﬂﬃ+ ,!4 + ﬃ!ﬂ"!# !,
ﬀ ## ,$ﬁ %'2  %ﬂ!"ﬀ ﬂﬃ!! ﬀ  %' 1  ﬁ ﬃﬁ '$# + ﬃ!ﬂ"!# ﬃ ﬁﬃ"' ﬀ ##ﬃ ﬂ $ﬁ ﬃ%
(

  	 
               
    

 	 
 *
  # ﬃ% # '% Gﬂ$%ﬁ # ﬀ   ﬂﬁ ﬁﬃ "# %' $ 3"%ﬂ '$# 5 $%ﬀ ﬁ$ﬁ  # 1   ﬃ 
(
 3"%ﬂ %' ,ﬃﬂ## ﬀ #ﬂ"##ﬀ $/ ﬃ. + $2 ﬃﬂﬂ$# ﬃ%$!!2 !$ﬀ ﬁﬃ ,ﬃ!2+  $ﬁ ﬃ%  %
1  ﬂ ! 3" ﬀ ﬃ #ﬃ! ﬀ , ﬃ!2+ # ﬀ, ﬃ# ﬁ ﬃ% ﬁ ﬂ$+/  1  # 1  ﬂ # ﬃ"#!2 $  ﬂﬁ# ﬁ
ﬃ,$ﬁ ﬃ% ﬃ- ﬁ ﬀ -ﬁ ﬂ$+/
(
- ﬁ $ $ !ﬃﬁ ﬃ-  ' %'2 "!ﬁ$.  ﬃ!ﬁ ,ﬃﬁﬃ%#  %
ﬁ ﬂ$+/ 5 ﬁ% ,ﬃ# ﬁ .  ﬃ%# $ ,ﬃﬀ"ﬂﬀ -$#ﬁ ﬁ$% ﬁ ﬂ$ﬁﬃﬀ ﬂ$% %"ﬁ$! 
ﬁ+ $%ﬀ ﬁ 4ﬂ## /" !ﬀ# ", 5 ﬂﬃ$ﬁ %' ﬁ G!ﬀ 1  #
(
 !$% %' ﬁ# 1  #  # ﬃ%
#ﬃ!"ﬁ ﬃ% 5 /"ﬁ ﬃﬁ #ﬁ"ﬀ # $  % ,ﬃ'## ﬁﬃ ﬀﬁ+  % 1  ﬂ '$## #ﬃ1 ﬁ !$#ﬁ
$' %'   ﬂﬁ#
(
H
# !ﬃ%' $# ﬁ ﬀﬃ+  %$%ﬁ ,ﬃ ﬂ##  #  ﬃ% $ﬁ ﬃ% 5 ﬁ %"+/ ﬃ- !ﬂﬁﬃ%# ﬁ$ﬁ $ .
$ﬁ ﬁ #%# 1    # ,ﬃ,ﬃﬁ ﬃ%$! ﬁﬃ ﬁ %'2 ﬃ- ﬁ  %ﬂﬃ+  %' ,$ﬁ ﬂ!
(
 ﬃ1. 5 ﬀ"
ﬁﬃ $ ,ﬃ ﬂ## ﬂ$!!ﬀ
!


!ﬁ

 ﬃﬃﬁﬂ !
5 %ﬃﬁ $!! ﬃ- ﬁ ﬁ !ﬂﬁﬃ%# ﬁ$ﬁ $ ! / $ﬁﬀ
ﬁﬃ"'  ﬃ% $ﬁ ﬃ% + $ % - "%ﬁ ! ﬁ2 $ﬂ ﬁ $%ﬃﬀ
(
 # + ﬂ$% #+ ﬂﬃ%# #ﬁ# ﬃ-
ﬁ ﬂ$,ﬁ" ﬃ- $ - !ﬂﬁﬃ% ,ﬃﬀ"ﬂﬀ ﬁﬃ"'  ﬃ% $ﬁ ﬃ% /2 $% !ﬂﬁﬃ%'$ﬁ . $ﬁﬃ+

5
/ 5 ﬁﬃ -ﬃ+ %'$ﬁ .  ﬃ%# 5

	
. / 0 /
	
.  
) 

I
* ()
E
 
M
$ﬁ ﬁ$% ﬁ ﬀ# ﬀ  ﬃ% $ﬁ ﬃ% ,ﬃﬂ## #ﬃ1 %  % 3"$ﬁ ﬃ%
* ()
E
* (
- 5 /2 ﬁ $ﬀﬀ ﬁ ﬃ% ﬃ- $% !ﬂﬁﬃ% 5 ﬁ ﬃ"ﬁ !ﬂﬁﬃ% #!! #"ﬃ"%ﬀ %' ﬁ %"ﬂ!"#
/ ﬂﬃ+ # -"!! 5 ﬁ% ﬁ %'$ﬁ .  ﬃ% 5 /
	
5 -ﬃ+ ﬀ  # #ﬁ$/! $%ﬀ  #  % $ !ﬃ1 %'2 #ﬁ$ﬁ
ﬁ$% ﬁ ﬃ ' %$! #, ﬂ # 5 / 5 1  ﬂ + $%# ﬁ$ﬁ %'2  # !$#ﬀ  % ﬁ $/ﬃ. $ﬂﬁ ﬃ%
(
&ﬃ %ﬃ/! '$## ﬃ1. 5 ﬁ %'2 !$#ﬀ  # %'$ﬁ . 5 1  ﬂ  + ,! # ﬁ$ﬁ  % ﬃﬀ
-ﬃ ﬁ !ﬂﬁﬃ% $ﬁﬁ$ﬂ+ %ﬁ ,ﬃﬂ## ﬁﬃ ﬃﬂﬂ" -ﬃ $ %ﬃ/! '$# 5 %'2 +"#ﬁ /  ,ﬃ. ﬀﬀ
(
-ﬃ 5 $ ﬂﬃ ﬂ ﬃ- $'ﬃ% ﬃ ! "+ $# ﬁ , + $2 ﬀ -ﬁ ﬂ$+/ '$# +  % +  # ﬁ
!ﬃ## ﬃ- !ﬂﬁﬃ%# ﬀ" ﬁﬃ !ﬂﬁﬃ% $ﬁﬁ$ﬂ+ %ﬁ 5 $%ﬀ ﬁ  'ﬁ ﬃ- ﬁ ,"!# ﬀﬁﬂﬁﬀ $ﬁ
ﬁ $%ﬃﬀ  # $ ﬁ" + $#" ﬃ- ﬁ %'2 ﬃ- ﬁ  %ﬂﬃ+  %' ,$ﬁ ﬂ!
(

	       
 
 	   ﬃ  	
   	 
        	    
 
   !  !
 !ﬁ  # $%ﬃﬁ  + ,ﬃﬁ$%ﬁ ,ﬃﬂ## ﬁﬃ ﬂﬃ%# ﬀ
(
% ﬁ # ﬂ$# ﬁﬃ"' 5
ﬁ $ﬂﬁ ﬃ% + ﬂ$% #+ %$%ﬂ#  ﬃ% $ﬁ ﬃ% 1  ﬂ ﬃ ﬂﬂ"# / ﬁ1% + ﬃ!ﬂ"!$ '$## $%ﬀ
%ﬃ/! '$## $%ﬀ / ﬁ1% ﬁ1ﬃ %ﬃ/! '$##
(
ﬁ$ % $ﬁﬃ+ # + $2 / 4ﬂ ﬁﬀ ﬁﬃ + ﬁ$#ﬁ$/! 5
!$ﬁ .!2 !ﬃ%'0! .ﬀ 5 #ﬁ$ﬁ# ﬁ$ﬁ ﬀ04ﬂ ﬁ 1 % $ ﬂﬃ!! # ﬃ% ﬃﬂﬂ"# 1  ﬁ $ #ﬂﬃ%ﬀ $ﬁﬃ+
ﬂ$"# %'  ﬃ% $ﬁ ﬃ%  % ﬁ !$ﬁﬁ
(
&ﬃ 4$+ ,! 5 ﬁ -ﬃ!!ﬃ1  %' $ﬂﬁ ﬃ%# +  'ﬁ ﬃﬂﬂ" 	
  
 
. 
 0    . 



. 

I
* ()
E M

  .
H
 0

 .
H


. 
	
I
* ()
EDM
 
ﬂ$"# ﬃ- ﬁ %% %'  ﬂﬁ 5 ﬀ -ﬁ ﬂ$+/# ﬂﬃ%ﬁ$ % %' %ﬃ/! '$## ﬂ$% ﬃ,$ﬁ $ﬁ
#! 'ﬁ!2 !ﬃ1 .ﬃ!ﬁ$'#
(
% ! 'ﬁ ﬃ- ﬁ# ,ﬃﬂ### 5 $ %ﬃ/! '$# 1ﬃ"!ﬀ #+ ﬁﬃ / $ 'ﬃﬃﬀ ﬂﬃ ﬂ -ﬃ ﬁ
, + $2 ﬂ$+/  + ﬀ "+ 5 1  ﬁ $ﬀﬀ ﬁ ﬃ%# ﬃ- ﬂﬃ+ ,!4 + ﬃ!ﬂ"!# #"ﬂ $# 
 ﬃ  0  

ﬁﬃ $ﬂﬁ $# 3"%ﬂ %'  + ," ﬁ #
(
 76 7  ? < = :; A @ =
 ﬀ -ﬁ .!ﬃ ﬂ ﬁ25  5 ﬃ- $% !ﬂﬁﬃ% #", + , ﬃ#ﬀ ﬃ% $%ﬀﬃ+ ﬁ+ $! + ﬃﬁ ﬃ% $%ﬀ  %
ﬁ ,#%ﬂ ﬃ- $% !ﬂﬁ ﬂ G!ﬀ 5 	 5  # ' .% /2 ﬁ 4,## ﬃ% 
)
 

	
 I
 M 



-
 
	 I
 M I
* ())
EM
1    # ﬁ ﬂ$' ﬃ- ﬁ !ﬂﬁﬃ% 5
-
 # ﬁ + $% ﬀ #ﬁ$%ﬂ ﬁ$ﬁ ﬁ !ﬂﬁﬃ% ﬁ$.!#
/ -ﬃ ﬂﬃ!! ﬀ  %' 1  ﬁ $% $ﬁﬃ+ ﬃ + ﬃ!ﬂ"!  % ﬁ ﬂ$+/ + ﬀ "+ Iﬂ$!!ﬀ ﬁ
 !ﬃ
ﬀ

!!

ﬃﬂ
M 5 $%ﬀ

 # ﬁ + $% ﬁ+ $! .!ﬃ ﬂ ﬁ2 ﬃ- ﬁ !ﬂﬁﬃ% ! / $ﬁﬀ /2 ﬁ  %ﬂﬃ+  %'
 ﬃ%  %' ,$ﬁ ﬂ!
(
 -$ﬂﬁﬃ +"!ﬁ , !2  %'   # B%ﬃ1 % $# ﬁ
  
	


ﬃ- ﬁ !ﬂﬁﬃ%#
(

  %ﬂ

 #   '  % $ '$#ﬃ"# + ﬀ "+ ﬁ$%  % #$25 $ ! 3" ﬀ 5 ﬁ + ﬃ/ ! ﬁ2 1  !! /  !ﬃ1 5
!$ﬀ %' ﬁﬃ $ !ﬃ1 ﬀ -ﬁ .!ﬃ ﬂ ﬁ25 
(
2, ﬂ$! ﬀ -ﬁ .!ﬃ ﬂ ﬁ #  % ! "+ 0 ﬃ $'ﬃ%0/$#ﬀ
'$## $ ﬃ% ﬁ ﬃﬀ ﬃ-
)
E  + %# 1  ﬂ  # +"ﬂ !ﬃ1 ﬁ$% ﬁ2, ﬂ$! $%ﬀﬃ+ ﬁ+ $!
  
.!ﬃ ﬂ ﬁ # 1  ﬂ $  % ﬁ
)
EEE + %# $%' $ﬁ ﬃﬃ+ ﬁ+ ,$ﬁ"
(
ﬃ1 ﬀ -ﬁ .!ﬃ ﬂ ﬁ #
!$ﬀ ﬁﬃ !$' ﬀ -ﬁ ﬁ + # $%ﬀ ﬁ"# / ﬁﬁ ,ﬃ# ﬁ ﬃ% #ﬃ!"ﬁ ﬃ% / ﬂ$"# ﬃ- ﬁ  + ,ﬃ.ﬀ
ﬁ +  %' #ﬃ!"ﬁ ﬃ% 5 1  !  ' ﬀ -ﬁ .!ﬃ ﬂ ﬁ # $  + ,ﬃﬁ$%ﬁ  % 4, + %ﬁ# 1  ﬁ
ﬂﬃ"%ﬁ $ﬁ# $ 4,ﬂﬁﬀ ﬁﬃ /   ' $%ﬀ ﬁ-ﬃ ﬀ$ﬀﬁ +  / ﬂﬃ+ #  + ,ﬃﬁ$%ﬁ
(
ﬃ ﬃ,ﬁ +   ﬂ$+/ #ﬁ$/ ! ﬁ25 $ '$# 4 / ﬁ %' ﬀ -ﬁ .!ﬃ ﬂ ﬁ2 &ﬃ ﬃ $ﬁ $#ﬃ%0
$/!2 !ﬃ1 !ﬂﬁ ﬂ G!ﬀ# #ﬃ"!ﬀ /  ﬂﬃ#%
(
&  '"
* (

*
#ﬃ1 # $ %"+/ ﬃ- ﬀ  %ﬁ
4$+ ,!# 1  !ﬂﬁﬃ% ﬀ -ﬁ .!ﬃ ﬂ ﬁ # $ !$ﬁ .!2 ﬂﬃ%#ﬁ$%ﬁ ﬃ. $ $%' ﬃ- !ﬂﬁ ﬂ
G!ﬀ  %ﬁ%# ﬁ # -ﬃ .$ ﬃ"# '$# +  4ﬁ"#
( 
% ﬃ, $ﬁﬀ  % ﬁ # ,!$ﬁ$" ' ﬃ% 5 ﬁ
ﬀ -ﬁ .!ﬃ ﬂ ﬁ2  # ﬁ% !## #%# ﬁ . ﬁﬃ  %ﬃ+ ﬃ'% ﬁ #  % ﬁ !ﬂﬁ ﬂ G!ﬀ $%ﬀ %. ﬃ%0
+ %ﬁ$! .$ $/!# #"ﬂ $# ﬁ+ , $ﬁ" $%ﬀ ,##"
(
 ﬃ1. 5 # %ﬂ ﬀ -ﬁ .!ﬃ ﬂ ﬁ2  #
.2 #%# ﬁ . ﬁﬃ   + ," ﬁ # 1  ﬁ % ﬁ '$# 5 '$ﬁ ﬂ$ +"#ﬁ /  ﬁ$B% ﬁﬃ %#" ﬁ$ﬁ 5
ﬃ%ﬂ ﬁ ,!$ﬁ$" ' ﬃ% -ﬃ $ ,$ﬁ ﬂ"!$ '$#  # -ﬃ"%ﬀ 5  + ," ﬁ # $ %ﬃﬁ #"/#3"%ﬁ!2
 %ﬁﬃﬀ"ﬂﬀ ﬁ$ﬁ 1ﬃ"!ﬀ ﬂ$"# $ # -ﬁ ﬁ ,!$ﬁ$" ' ﬃ% $1$2 -ﬃ+ ﬁ ﬃ ' %$!  '
.ﬃ!ﬁ$' #ﬁﬁ %'#
(
&  '"
* (
  !!"#ﬁ$ﬁ# ﬁ   ﬂﬁ ﬃ- $.  %' $ #+ $!! $+ ﬃ"%ﬁ ﬃ-  + ," ﬁ2
,#%ﬁ
( 
ﬃﬁ ﬂ ﬁ$ﬁ %ﬃﬁ ﬃ%!2 ﬀﬃ# ﬁ ﬀ -ﬁ .!ﬃ ﬂ ﬁ2 ﬂ$%' 1 %  + ," ﬁ # $ $ﬀﬀﬀ 5
/"ﬁ #ﬃ ﬀﬃ # ﬁ , ﬃ# ﬁ ﬃ% ﬃ- ﬁ #$ﬁ"$ﬁ ﬃ% ,!$ﬁ$"
(
 76 76  ;@=<A ? A
 ! +  ﬁ ﬃ% ﬁ #,$ﬁ $! #ﬃ!"ﬁ ﬃ% ﬃ- $ ﬀ -ﬁ ﬂ$+/   # 'ﬃ.%ﬀ ,ﬀﬃ+  %$%ﬁ!2 /2 ﬁ
ﬀ  "# ﬃ% ﬃ- !ﬂﬁﬃ%#  % ﬁ ﬂ$+/ + ﬀ "+ $# ﬁ2 + ﬃ. ﬁﬃ1$ﬀ ﬁ $%ﬃﬀ 1   
)  (
% ﬁ $/#%ﬂ ﬃ- $% !ﬂﬁ ﬂ G!ﬀ 5 ﬁ !ﬂﬁﬃ%0 ﬃ% ,$  -ﬃ+ ﬀ /2 ﬁ ,$ﬁ ﬂ! ﬀ -0
-"## "% -ﬃ+ !2 ﬃ"ﬁ1$ﬀ 5 -ﬃ+ ' ﬃ%# ﬃ-  ' ﬂﬃ%ﬂ%ﬁ$ﬁ ﬃ% ﬁﬃ ' ﬃ%# ﬃ- !ﬃ1 ﬂﬃ%ﬂ%0
ﬁ$ﬁ ﬃ% -ﬃ+ ﬁ  , ﬃ %ﬁ ﬃ- ﬂ$ﬁ ﬃ%
(
 ﬂﬃ%ﬂ%ﬁ$ﬁ ﬃ% ﬃ- !ﬂﬁﬃ%# $ﬁ $ !$ﬁ ,ﬃ# ﬁ ﬃ%

 $-ﬁ ﬀ  "# %' $ ﬁ + 
*
 # $,,ﬃ4  + $ﬁ!2
"
$"## $% 5 $%ﬀ  # ' .% /2 ﬁ -ﬃ!!ﬃ1  %'
  
     	 $!ﬂ"!$ﬁﬀ $%ﬀ + $#"ﬀ ﬀ -ﬁ .!ﬃ ﬂ ﬁ # $# $ -"%ﬂﬁ ﬃ% ﬃ- !ﬂﬁ ﬂ G!ﬀ
1  ﬁ %ﬃ + $'%ﬁ ﬂ G!ﬀ ,#%ﬁ 
)* (
% $ﬂ ﬂ$# 5 ﬁ ,!$ﬁ$" ' ﬃ%  %ﬀ ﬂ$ﬁ# ﬁ$ﬁ
#$ﬁ"$ﬁ ﬃ% $# / % $ﬂﬀ 5 $%ﬀ ﬁ ﬀ -ﬁ ﬂ$+/  1  !! /  !$#ﬁ #%# ﬁ . ﬁﬃ ﬂ$%'#
 % ﬁ !ﬂﬁ ﬂ G!ﬀ
( 
ﬃﬁ ﬂ ﬁ$ﬁ ﬀ  %ﬁ '$# +  4ﬁ"# $. ﬀ   %ﬁ #$ﬁ"$ﬁ ﬃ% , ﬃ %ﬁ#
(
4,## ﬃ% 
) 
	







*
 
*
4, 
	



*

*
I
* ()))
M
1  
  # ﬁ ﬀ #ﬁ$%ﬂ -ﬃ+ ﬁ ,ﬃ %ﬁ ﬃ-  ﬃ% $ﬁ ﬃ% 5 

 # ﬁ  %  ﬁ $! %"+/  ﬃ- !ﬂﬁﬃ%#
$ﬁ 
  E $%ﬀ
*
 E 5 $%ﬀ

 # ﬁ 

 
&
 ﬁ!

ﬁ

!
1  ﬂ 5 -ﬃ+ B %ﬁ ﬂ ﬁﬃ25  #
' .% /2 	






 	





)

- 
I
* ())
M
1 

 # ﬁ $.$' .!ﬃ ﬂ ﬁ2 ﬃ- ﬁ !ﬂﬁﬃ% $%ﬀ   # ﬁ -3"%ﬂ2 ﬃ- !ﬂﬁﬃ%
ﬂﬃ!! # ﬃ%# 1  ﬁ ﬁ ﬂ$+/ '$#
(
ﬃ+ ,$ %' 3"$ﬁ ﬃ%
* ()))
ﬁﬃ ﬁ -ﬃ+ ﬃ- $
"
$"## $% ﬀ #ﬁ /"ﬁ ﬃ% 5 ﬀ #ﬁ /"ﬁﬀ $/ ﬃ"ﬁ
  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
0
0.4
0.8
1.2
1.6
2.0
2.4
10 4
V
el
o
ci
ty
  
(c
m
/s
)
⋅E/p  (V/cm ⋅ mm Hg)
Argon + 1% Nitrogen
Argon + 0.1% Nitrogen
Argon
2.8 ×
     	    -ﬁ .!ﬃ ﬂ ﬁ2 .#
(
!ﬂﬁ ﬂ G!ﬀ  %ﬀ ﬂ$ﬁ %' ﬁ  %"%ﬂ ﬃ- % ﬁﬃ'%  + ,"0
 ﬁ #  % $'ﬃ% '$# 
)
D
 ( 
ﬃﬁ ﬂ ﬁ #ﬁﬃ%' ﬀ,%ﬀ%ﬂ ﬃ% '$# ," ﬁ2 ﬁ $ﬀﬀ ﬁ ﬃ% ﬃ-
)
 % ﬁﬃ'% ﬁﬃ $'ﬃ%  %ﬂ$## ﬁ ﬀ -ﬁ .!ﬃ ﬂ ﬁ2 /2 $ -$ﬂﬁﬃ ﬃ-  5 $# 1!! $# ﬂ$%' %'
ﬁ , ﬃ# ﬁ ﬃ% ﬃ- ﬁ #$ﬁ"$ﬁ ﬃ% ,!$ﬁ$"
(

  E 	


)




4, 
	








I
* ())
M
ﬁ #ﬁ$%ﬀ$ﬀ ﬀ. $ﬁ ﬃ% ﬃ- ﬁ !ﬂﬁﬃ% ﬀ #ﬁ /"ﬁ ﬃ% 5 ﬃ ﬁ #,$ﬁ $! #,$ﬀ ﬃ- !ﬂﬁﬃ%#
$ﬁ 
  #  ﬀ%ﬁ Gﬀ $# 	

I
 M 



*



 
-
 I
 M
 



 

 	 I
 M
-
	
I
* ())*
M
 ﬀ,%ﬀ%ﬂ ﬃ- #,$ﬁ $! #ﬃ!"ﬁ ﬃ% ﬃ% ﬁ #  ﬃ- ﬁ ﬂ!!  # %ﬃ1 4,! ﬂ ﬁ!2 ﬂ!$
(

ﬀ  "# ﬃ% ﬀ #ﬁ /"ﬁ ﬃ% .$ # $# ﬁ #3"$ ﬃﬃﬁ ﬃ- ﬁ ﬀ -ﬁ !%'ﬁ 5 1  ﬂ + $%# ﬁ$ﬁ
ﬁ !ﬃ%' ﬁ ,$ﬁ ﬁ !ﬂﬁﬃ% ﬁ$.!# 5 ﬁ + ﬃ ﬀ  "# ﬁ ﬀ #ﬁ /"ﬁ ﬃ% 1  !! /  ﬀ"
ﬁﬃ $%  %ﬂ$#  % ﬁ %"+/ ﬃ- ﬂﬃ!! # ﬃ%#
( 
!ﬁ + $ﬁ!25 $  ' ﬀ  "# ﬃ% 1  !! $ﬀ.#!2
 D
$ ﬂﬁ ﬁ #,$ﬁ $! #ﬃ!"ﬁ ﬃ% ﬃ- $ ﬀ -ﬁ ﬂ$+/ # %ﬂ ﬁ ﬁ +  %' -ﬃ $ ﬀ #, #ﬀ 'ﬃ", ﬃ-
!ﬂﬁﬃ%# / ﬂﬃ+ # ﬀ  ﬂ"!ﬁ ﬁﬃ ﬀﬁ+  % $ﬂﬂ"$ﬁ!2
(
-ﬃ 5 $ #+ $!! ﬂ!! #  #ﬃ"!ﬀ
' .  + ,ﬃ.ﬀ #,$ﬁ $! #ﬃ!"ﬁ ﬃ% $# 1!! $# $.ﬃ ﬀ ﬁ "# ﬃ- .2  ' .ﬃ!ﬁ$'#
( 
 ﬁ
ﬀ -ﬁ ,$ﬁ !%'ﬁ# ﬃ% ﬁ ﬃﬀ ﬃ-
)
ﬂ+ 5 #,$ﬁ $! #ﬃ!"ﬁ ﬃ% .$!"# ﬃ- !## ﬁ$%
)
EE +
$ 4, ﬂﬁﬀ E
 (
&  '"
* (

 
#ﬃ1 # ﬁ ﬀ  "# ﬃ% ﬃ- !ﬂﬁﬃ%# -ﬃ+ $ !$2 $# $ -"%ﬂﬁ ﬃ% ﬃ- ﬁ + 
(

 ﬁ $% !ﬂﬁ ﬂ G!ﬀ ,#%ﬁ 5 ﬁ + $% ﬃ- ﬁ !ﬂﬁﬃ% ﬀ #ﬁ /"ﬁ ﬃ%#  # # -ﬁﬀ 1  ﬁﬃ"ﬁ
$ ﬂﬁ %' ﬁ !$ﬁ . #$,#
(
(a) (b)
      	 
ﬃ1 %  # ﬁ ﬀ  "# ﬃ% ﬃ- !ﬂﬁﬃ%# I$M 1  ﬁ %ﬃ !ﬂﬁ ﬂ G!ﬀ ,#%ﬁ 5 $%ﬀ
I/M  % ﬁ ,#%ﬂ ﬃ- $% !ﬂﬁ ﬂ G!ﬀ 
)
 
 (
 !ﬂﬁﬃ%# $ !ﬃ ﬂ$! ﬀ $ﬁ
*
 E I %ﬀ ﬂ$ﬁﬀ
/2 ﬁ #$ﬀﬀ ' ﬃ% M $%ﬀ #,$ﬀ ﬃ"ﬁ #,$ﬁ $!!2 ﬀ" ﬁﬃ ﬀ  "# ﬃ% $# ﬁ +  ,ﬃ'###
(
     	
 
  $. %'  %-ﬃ+ $ﬁ ﬃ% $/ ﬃ"ﬁ 1  ﬁ ,$ﬁ ﬂ! + $2 $. ,$##ﬀ ﬁﬃ"' $ # %'! ﬂ!!  #
%ﬃﬁ .2 "#-"!
(
L $%2 ﬂ!!# #,$%% %' ﬁ $$ ﬃ-  %ﬁ#ﬁ $%ﬀ #ﬁ$ﬂBﬀ ﬃ% ﬃ% ﬁﬃ, ﬃ- ﬁ
ﬃﬁ $ %ﬀﬀ  % ﬃﬀ ﬁﬃ #ﬃ!. #,$ﬁ $! ﬂﬃﬃﬀ %$ﬁ# $ﬂﬂ"$ﬁ!2
(
 ﬁ$ ﬂﬁﬃ2 ﬃ
ﬁ$ﬂB ﬃ- ﬁ ,$ﬁ ﬂ! $#  ﬁ ,$### ﬁﬃ"' + $%2 !$2#  # ﬃ/ﬁ$ %ﬀ /2 "ﬁ !   %' ﬁ $$2
 E
ﬃ- ﬀ #ﬁ$%ﬂ# -ﬃ+ ﬁ #%# 1  #
(
% $ ﬀ -ﬁ ﬂ$+/ 1  $!! 1  # $ $4  $! 5 ﬁ   ﬂﬃ+ ,ﬃ%%ﬁ $!ﬃ%' ﬁ 1   ﬀ ﬂﬁ ﬃ%
 # ﬃ-ﬁ% !-ﬁ "%ﬀﬁ+  %ﬀ / ﬂ$"#  ﬁ  # %ﬃﬁ #ﬁ$ 'ﬁ-ﬃ1$ﬀ ﬁﬃ ﬀ #ﬁ %'" # / ﬁ1% $
,$ﬁ ﬂ! ,$## %' ﬁﬃ"' ﬁ ﬂ$+/  $ﬁ ﬁ1ﬃ ﬀ  %ﬁ , ﬃ %ﬁ# $!ﬃ%' ﬁ !%'ﬁ ﬃ- ﬁ
ﬂ$+/ 
(
 #ﬃ!"ﬁ ﬃ%  # ﬃ-ﬁ% ﬁﬃ  %ﬂ!"ﬀ $ !$2 Iﬃ %"+/  ﬃ- !$2#M ﬃ- & !! 1  #
(
# 1  # $ #ﬁ"%' $ﬁ $% $%'! 1  ﬁ #, ﬂﬁ ﬁﬃ ﬁ ﬃﬁ 1  # 1  ﬂ $ #ﬁ"%'
#ﬁ$ 'ﬁ $ﬂﬃ## I-ﬀ ﬁﬃ $# ﬃ ﬃ 	 1  #M $# #ﬃ1 %  % & '"
* (

  (
2, ﬂ$! #ﬁﬃ
$%'!# $ #+ $!! 5 "#"$!!2 /  %' !## ﬁ$%
)
E
(
 $4  $! 1  # $ "#ﬀ ﬁﬃ + $#" 
 $%ﬀ

$# / -ﬃ 5 /"ﬁ B%ﬃ1  %' 1  ﬂ $4  $!
1   $!ﬃ%' 1  ﬁ 1  ﬂ #ﬁﬃ 1   1$#  ﬁ + $%# ﬁ$ﬁ ﬁ   , ﬃ# ﬁ ﬃ% ﬂ$% %ﬃ1 /
ﬀﬀ"ﬂﬀ
(
-ﬃ 5 1  ﬁ $% $,,ﬃ, $ﬁ 1   $$%'+ %ﬁ 5 ﬁ ,$ﬁ ﬃ- ﬁ ,$ﬁ ﬂ!
ﬂ$% / ﬂﬃ%#ﬁ"ﬂﬁﬀ  %  ﬀ + %# ﬃ%#
(
   
 	   
   
  
  
 	


 

ﬁ !! + ﬃ  %-ﬃ+ $ﬁ ﬃ% ﬂ$% / '$ %ﬀ /2 "# %' $ ﬀ -ﬁ ﬂ$+/  % ﬁ ,#%ﬂ ﬃ- $
+ $'%ﬁ ﬂ G!ﬀ
(
% $ ' ﬃ% ﬃ- "% -ﬃ+ + $'%ﬁ ﬂ G!ﬀ 5  5 ﬁ ﬃ%ﬁ -ﬃﬂ 5  5  # ' .%
/2 	
      I
* ())
M
ﬂﬃ%ﬁ %"$!!2 ﬀﬂﬁ# ﬂ$'ﬀ ,$ﬁ ﬂ!# ﬁ$ﬁ $. $ ﬂﬃ+ , ﬃ%%ﬁ ﬃ- .!ﬃ ﬂ ﬁ2 , , %ﬀ ﬂ"!$
ﬁﬃ C ﬂ$"# %' ﬁ+ ﬁﬃ -ﬃ!!ﬃ1 $ ﬂ ﬂ"!$ ,$ﬁ
(
 $ﬀ "# ﬃ- ﬂ".$ﬁ" ﬃ- ﬁ # ! ﬂ$!
,$ﬁ Iﬂ ﬂ"!$  % ﬁ 

	 
,!$% $%ﬀ ! %$  %   M  # ' .% /2
)


 # % 
 C

J
# % 
 C
0
J


)
 C I
* ()) 
M
1    # ﬁ ﬂ$' ﬃ- ﬁ ,$ﬁ ﬂ! 5 $%ﬀ
J
 
J
# %   ﬁ# ﬁ$%#.# + ﬃ+ %ﬁ"+
(
  %ﬂ 5
+ ﬃ+ %ﬁ$ ﬃ- ,$ﬁ ﬂ!# ﬃ- $ B%ﬃ1 % ﬂ$' ﬂ$% / ﬀﬁ+  %ﬀ /2 + $#" %' ﬁ $ﬀ  ﬃ-
 )
z axis
z = z
z = z
1
2
stereo wires
axial wires
z = 0
 
 
s1 s2 s3
s
4
a1 a 2 a 3 a4
     	    $'$+  !!"#ﬁ$ﬁ %' $4  $! $%ﬀ #ﬁﬃ 1   ﬂﬃ%G'"$ﬁ ﬃ%#
( 
# %' / ﬃﬁ
ﬁ $4  $! $%ﬀ #ﬁﬃ 1  # 5  ﬁ  # , ﬃ## / ! ﬁﬃ '$ %  %-ﬃ+ $ﬁ ﬃ% $/ ﬃ"ﬁ $!!  ﬂﬃﬃﬀ %$ﬁ#
ﬃ- ﬁ ﬁ$ﬂB
(
%ﬃ1  %' ﬃ%!2 ﬁ$ﬁ $  ﬁ 1$# ﬂﬃﬀﬀ ﬃ% $4  $! 1  
(
  # %ﬃﬁ %ﬃ"' ﬁﬃ
ﬀﬁ+  % ﬁ , ﬃ# ﬁ ﬃ%  % ﬁ   ﬀ ﬂﬁ ﬃ%
(
 ﬃ1. 5 "# %' ﬁ $ﬀﬀ ﬁ ﬃ%$!  %-ﬃ+ $ﬁ ﬃ%
,ﬃ. ﬀﬀ /2 ﬁ #ﬁﬃ 1  # 5  ﬁ  # , ﬃ## / ! ﬁﬃ  %- ﬁ   0, ﬃ# ﬁ ﬃ%
(
&ﬃ  %#ﬁ$%ﬂ 5  - $  ﬁ
 # ﬀﬁﬂﬁﬀ  % $4  $! 1  
(
 $%ﬀ #ﬁﬃ 1     5 ﬁ%     

F ﬃ% ﬁ ﬃﬁ $%ﬀ 5  - $  ﬁ
 # ﬀﬁﬂﬁﬀ  % 1  #
(
 $%ﬀ   5 ﬁ%     
(
 
ﬂ".$ﬁ" ﬃ- ﬁ$ﬂB#  % $ B%ﬃ1 % + $'%ﬁ ﬂ G!ﬀ
(
 ﬃ1. 5 # %ﬂ ﬁ ,#%ﬂ ﬃ- $ + $'%ﬁ ﬂ G!ﬀ $ ﬂﬁ# /ﬃﬁ ﬁ ,$ﬁ ﬃ- ﬁ ,$ﬁ ﬂ!
$# 1!! $# ﬁ ﬀ -ﬁ .!ﬃ ﬂ ﬁ25 ,ﬂ # B%ﬃ1 !ﬀ' ﬃ- ﬁ + $'%ﬁ ﬂ G!ﬀ  # %ﬂ##$2  %
ﬃﬀ ﬁﬃ ﬂﬃ!$ﬁ ﬀ -ﬁ ﬁ +  1  ﬁ ,ﬃ# ﬁ ﬃ%
(
    
 	   	
      	
   		 
 	 
 
	
  	  
	 	
	  
	 	  
 	    
	
		


 

    	    	 	   	  
	  
  ﬀ
	    ﬁ	
 

 	 	  

	 
 

H
 ﬂ ﬃ	 	 	
 	
  
	  
	
 
   	 
 

 		 	
	
 
 

 	 	 ﬂ
  $     
ﬃ	 

 	 	   ﬂ   	
  	
 
 		 I	M  	 
E   
	 

	  ! G	 I
	M  	    
	  
	  ! 	   &
 

!
 	
ﬃ
!
& I
"
	  	 		M    #	  ﬂ  ﬂ
ﬃ  
	  		 	 ﬀ   	  	 
 

  
	 	
 

	 	   	 		   
		  	 

 	 
 
  	 
$   I%  M  
 	 	
 
 
	 ﬀ   	 ﬂ
   

 	 
 
	 	&	 	
 

 
	 	 
' 	
   
	 
  ﬁ
	  	  

	      	  
	  
 	  		 
 	
ﬁ

	    ( 
  	  ) *    	 ﬂ 
	  
	   	
 

 "
             
	  	   
	 

 	 
 	 

!

ﬂ ﬃ	
	  
	   			
 
	  	  	 
	 	 
	 
	 

 
	 	  	 ﬂ ﬃ	 	  
	  	  
	  		 	 	ﬀ   	 
		  
 
	  		 	 
	 	 	  	
 ﬂ  	  
	 	
 ﬀ  
	 !  ﬂ ﬃ	 
  

 	 	 	  ﬀ   	  	

	  	 	  
		  	 

 	 
 
  	  $    
 	 	


 
	 ﬀ   	 ﬂ 	 	  
	  	  	
	 	
		 		 
  	

 	  	  	
	  
  	 		 
 
	 	ﬀ
 ﬂ
 
   
	 

 	  
 
	
 	
	 	ﬁ	 	   	 
	  
	 	 

 ﬁ	   ﬀ
	 ﬂ       ﬀ
	 	
 		 
	
	  
	 

 	  	  	  
      !$ !

   	 
 ﬁ  

  !$  


  	 ﬁ  

 $ 

$

   	     $ $

ﬂ 	  	  
	 "   	   	ﬁ

	 	 

 	   
 	    
	 	   
 ﬂ 
	 
	   	  

 
  ﬀ  
	 $ 
 	 
	 

	
    		  
   		    			  
 ﬂ 

	    	 
 	
 

	 
 	    
			 	  ﬁ
 	
 	
  
   
	 
	    		    			 	

  	 	
 ﬂ #
	 	  
	 	ﬁ	 	 
	 
 	 	  

  

	 		
  	 		   	   ﬀ
	  
 
 
 
	 	

  	 
	 
 
	 	  	 ﬂ ﬃ   
	  		
    ﬀ
	  
  	 
 	 
 	 
 	 
 
 	  

 	

	  
 	
  		  
	  	 
  	
 ﬂ 
	 
 	&	ﬁ
 	
  
	 
 	  

 
 
  	  	  	
  
	  

 	
 

   
 	 
	   	
  	ﬃ 
	 	


 
	  ﬂ

	 	


  
	 
 	 		  		 	
  
	 	
 ﬂ ﬃ	 	 
	 	
  
	   
	 	 		  	 
	  
	  	

	

	 	


 	
 ﬂ 	 ﬁ	 	 
	 
  	  	

	 
	 
  	

 
' 	 
 
	     
 	    
 
  
	
	   ﬀ
	 	 
 	 	ﬀ 	
	 
 	 	 	  	
 ﬂ
ﬃ	  ﬂ 	    
	   	
	  
	 	 
	
	 ﬂ
ﬃ	  

    
	
 
   	ﬀ 	 	
	  
 
		  

	ﬁ   	
		 
 	
  	 	 
 '	 	 	  

	
 ﬂ
  
    	 
  	 
       /
 
    	    

 

 


	  
      !$ ! !

"

 ﬂ  "   ﬂ
  	 
 ﬁ  

  !$     ! ﬂ  !   ﬂ
  	 ﬁ  

 $ 

$  $ 

!ﬂ
 
  ﬂ
  	     $ $  

" ﬂ!

"   ﬂ
ﬀﬁ ﬂ     ﬃ	  
	  	
	     ﬀ
	 
 
 	
		 

$ !"

ﬂ ﬃ	 
 

 
 
 
	  

 
	 	 ﬁ	
	 	   	 
 	
 
 
	 ﬁ	 
	
  
	 

 
	  
 
	 
	
 	 
	  	 	 		ﬂ
   ﬃ	 
ﬃ	 	
	
  	  	 	     	 
 
	 
 


	 
	 

 	 	   

	  #	  ﬂ

 ﬂ 	  
	    	

 
	 	
	
 	  
  
	 

 
 	 
	 	  
	 

	 		
    
	 
 
	 	  	  	 	  
	
"
ﬂ

	 
	 
	 
		 
	 	
	 	
	
 	  
  
	  
 

	  

 	  
	  	 
	 	 ﬂ 	 	    		
 

  
		  
  	  		  	
		  
		 

  
 

 

' 	 
 
	 
   	 
  
	  
 
	  

 ﬂ ﬃ	 	  
	


 	

 
	      
  	 	 	 
 	
  	 

 
	 	&	
  ﬂ
  !  " # $ 
ﬃ	 
 	 
	  	
		 	 
	 
	 	 
 
	 

  	

	 	  	
	
	 
 
	 	  	   		  


 !%%
 
ﬃ
	
ﬁ !

!

(ﬃ  *  	 ﬂ 	 ﬃ  '     

  
  

	 
  
  
2.5 m
35.5 cm
side viewend view
9 cm
"start"
TDC
ADC
scintillator
scintillator
scintillator
anode
HV
"stop"
  ﬂ          
	 

 	 
 	  
	  
 

	   
	 

 ﬂ


 	&	 
 (  '*   
  
 	 
	 
 
	 
   		 
ﬁﬂﬃ !
	& ﬂ ﬃ	 	 	 
	  
  ﬃ   
	  	

	

	 
 	 	
 ﬂ 	 
	 	  
	 

 	     
	 
 

 



	 ﬃ      	
 	 	  
	 	  	 
 
 ﬂ ﬃ	 

ﬃ  	 	  
 	
 		 	  		

 	   	 ﬃ   ﬂ
  !   # $ 
	
ﬃﬃ
	


%%
 
ﬃ
	
ﬁ !

!
 (	  * 	  		 
	 
	
	 
	  

  	  	
 

 	 
  
 	 ﬂ ﬃ	 	   	 

 	ﬀ 	 	
 		 	 	
	 	    	 

 
	 
 

 
 
 
 
	 	 	
	  
	 	  	   
			 
	 	 
		
 ﬂ ﬃ	 	  	 	  
	 

 	 		 	  		

"


!

	 	   ﬂ
  
  !    #  $
ﬃ	 
 		 	
	   		 
 $$$ '

    
	 	 

&
 
	 ﬂ
    

	     	

   		 
	 
	  
	 	ﬀ	 	
 	
  		
	 
	 	 
	  
 
	 ﬀ 
 
		  	 

  
	 
 &
 
	   
	 	  
ﬃ  	   	  
	 

 	 

 		 	  
  


	 ﬃ   
 	 
 	  
 ﬂ ﬃ 
	  	
	 
   
 
 	& 	
 
	  
   
	 
 	 	  
	 
	 	

	 ﬂ
	    
 
	  		  
  
	 
 

 
	 

 
	


 	   	 	 
  	 	 
 	
  	 	 
	  
	 ﬂ ﬃ	   
	 
 	
 
	  
 	
	 	  	 
	  

 
	 
'  
 
	 	  	 	
	 	  	 
 &

  	
		

	 ﬁ  	ﬁ	 	 ﬂ 
 	  
	
"


 '  
	 
 	

(
   
  
 	*   
	 
' 	  	&	
 
 '  
	
 	
  
	 
	 	  
	  	
 
	   	 	
   
	 

 
	 
 		  
    
 	
 ﬂ ﬃ	 	

 ' 
 
	 	 	  
	 	   	  

   	 	
 	
 	

	 
 
	 
 	
  	  
	 	 		  
	  	

 	 	 
 ' 
	 	 	  
	 	  
	 
 	
  
	 
	
  ﬀﬁﬂﬃﬁ ﬁﬂ ﬀﬃﬁ  ﬂ  !"ﬃﬁﬂ #" $ $% ﬂ&" ' ﬂ #( )& )*ﬁ  )+,-

 

 $

  	 		 ' ﬂ  	   
 	  
  		
 

 
	 
  
	

	  	 ' 	 	  
 
	 	 ﬂ ﬃ 	
  
	 
	

 	
   
	  
 
	 
 	   	 '   	
 
 	 
' 	   

    
			   &' 		  
	 
'



 	   	 ﬂ

   

  	  
 ﬃ


 

 	 
  
	  		
 

 
   	 
  	  	 
 
ﬃ  	 
 ﬂ 		
   
  		
 
	 

  		 	 
 	 
 	 ﬂ

   

    

	 	 
 	 
	 

 	 
 	 
  '	 
' 		 	
   


 
	 
 	 
 
'	   
	 
 	 
	 	    	   


 
	 	 	
	  
	 		  	 
  	 ' ﬂ 	 
	 	
 


   ﬃ	 
  


 	
 	 	  
 	 
 
 	  
 
	 
  
	 		 	 	 		
	 

 
	 
	 	 	
 (	
	
* 
	  
 
	  	 
	
	 ﬂ
     " # $ $
	 
	 
 
 
	  
	 
' 
  


 
  
	 ﬃ	  	 
	 
 	 

  	  	
		 ﬃ	 	 	  
 	   ﬂ 
 	
 
	   
 	  
	
"


  ' 		  
 	  	
 
	 '	 		
 
  
 	
 ﬂ ﬃ	  
 '	  

  
 
	

 	 
	 
   		
  	  
	 '		 
'  
 	  	
 !
	    	 
  	 	  
	 
  ﬃ	 	  
	   
 	

  	 ' ﬂ
ﬃ	 
 
	 	 	  
 
 
	  
 	   		
$ ﬂ!        #	   ﬂ$ ﬂ ﬃ	 
  ﬃ	 	 	 
 	  
	 

 

 

 	 
 	 
	 	  ﬃ	 	 	 
 
 	 ﬂ 
	  
	

	 

 
	 	
  	
		 ﬃ	 	 	  
 	  		 	 ﬂ
Time  (microseconds)
T
D
C
 C
h
an
n
el
 N
u
m
b
er
     ﬃ	 	 	  ﬂ 
 	 ﬂ ﬃ 
   
	 	 	

 	
		 ﬃ	 	 	  
 	 ﬂ
ﬃ	 

 	 
 	 	
	
    (		 
	    	 	

 
	 	ﬀ	 	
 	
* ﬂ 
 	 

 
	 
 	 	 		 	
		 	  ﬁ
   	  
  
	 	  	 
	 	 	
	  
	 		
 	  	ﬀ			  	
 
	 		  
	 	

  
	   
	 	 		
 

	   ﬀ
	 ﬂ 	      	 
 
	 	  
 		  
	
 
 	  	 
 	  
  	  
	 
   
	 	    
	   	  
	 		
  	 
 	 		 

 
	 	 	 
 		

	 
 	
	ﬂ 		 
 
	 
	
   			  	
		 
	 
	  		  	 

	 	  
	 		
    
	 (
	  		  
	  
   
 	 

	 	  
	   ﬀ
	 	 * 
 
	 
	 	 	  	  	 
	 	ﬁ
    '	 
	  
 
	 	
	 	 
	  	 

	 	 ﬂ 	  
	 		
  
	 
 
	 		  	  
	 	 		
	   

	 	 
 	 
	  
   	  
	 
  
	 	 	
	

  
 		   	  		
  	
	 
 
	  	 (		 
	
"
  		   
	 '   
 	* ﬂ ﬃ	 	  		



 	 
	  	 
  	  	 
	 ﬃ	 
	  
	 	  		
  
  	
	
	
	  		 ﬂ 	 
	 	  		
  
     	
 	  
	
 
 
	 		  	   	  		
    	 		 ﬂ
      # $
ﬃ	 	   ﬁ
ﬁ
 	
	 (		 *  
 
'	 
	  
 ﬁ

	    	
 	    	ﬀ	   	
  
 
	 	&	


  ﬂ 	 	   
  
  		 	 	
  	 
 (		 #	
 
ﬂ !*
   
	 	ﬁ 	
  


  	  	 

	  
 ﬂ
ﬃ	 	 
 
	  
  
	 

  	ﬀ	 
 		 	 	
  !
 
$$
 
	 	  
	 

  
'	 
  	 			

	  
	 	 	 ﬂ ﬃ	
   ﬀ
	 	 	  

 
	 
  
	  	 	 	

	  
	    #	
 
ﬂ

ﬂ
	 #	
 
ﬂ

 
  	 	
 

 
	  	 	 	
   	ﬀ	
 	 	ﬁ
		  
	 	  
	 ﬂ ﬃ	 	
  
	 	  
	 
   
 

	 	   	  
	   ﬀ
	 ﬂ 	 	
	 
	 
 

 
	 	 
 
good hits. Proj. onto adc axis
0 500 1000 1500 2000
ADC Pulse Height
0
400
800
1200
1600
2000
2400
N
u
m
b
er
 o
f 
H
it
s
cut
mean
pulse height
       
  		 	 	
  	 
   	 	ﬁ 



 
$ 

$



  	 
	  !
 
$  ﬂ ﬃ	 	 
 
	  
  
	 

    	
	ﬀ	 	   	
		 
	  	 	  	 ﬂ
    	 
 
' 	
   	 	ﬁ 



 
$ 

$

  

 	 


	 
	   ﬀ
	 
	
	 (		 ﬃ	  ﬂ*  
 	 	
  	 	 



  
	 	    
 
 !$ !

  	 	ﬁ 



 
$ 

$

  ﬀ
	 ﬂ 	
  '
	
	  
 
	 	 		
 	  
	
"
 	 	  
 		
 	 	
 ﬂ  
	 
	    	   
 
$ $

  
	 
   
 	 
 
' 	
  
 
   		 	 	
 

  	 	

 
	 
	   ﬀ
	 ﬂ 	 
 
 	
   		 		 	
  
 
	
	
    ﬂ
 ﬂ 	
 
 




 
	   	 ﬁ	 	 

	    
 
 !$ !

 
  
 	ﬀ 	
	 	 	  
	 	    
 "
1700 1750 1800 1850 1900 1950
Anode High Voltage  (V)
10
100
1000
10000
A
D
C 
Pu
ls
e 
He
ig
ht
  (l
og
ar
ith
mi
c s
ca
le)
HRS  Ar:CO2:CH4  [89:10:7]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
       		 	 		 	 	
  ﬂ 	  
	  
	 
	 
	
	  
	 

 	 	 ﬂ ﬃ	 

 
  

 	  	 	 
	


 
	  	 	 	
  
	 	ﬀ	
	 	ﬀ	
 	 			  	 

	 ﬂ 
	 

 
	  	  	ﬁ 



 
 !$ 
 

  	 	ﬁ 



 
$ 

$

  ﬀ
	
	 	   
 	    
 
 !$ !

 		 	 	
  	 
	 	 	

  	   
 
$ $

  	 	 ﬂ
 
	 
 
' 	
 	
 ﬂ
          
ﬃ	  	  		 	
  
	 
 	  	
		 
	 
	  
	 
 


	  	 	
  
	 	 ﬂ ﬃ 
 
	 
 	 	  	
		 

 	 	
 
 
	 	   
 	  	
  	
	  


 	&	 ﬂ ﬃ	 


 	
  
	 
 	  			  	
		 	    
	 	 

 	
 	
		  
	 
 	  
  
	 	  ﬂ
ﬃ	  	ﬁﬁ 	 


 	
 		  
	 
	 
' 


   	 	 
' 
 

   
 	ﬁ'	 	 

  	  	 

 	'	 	   	
 
  
	   
 
  
	  (
 
ﬂ!!
 
*
		 
	  		 
 
	  
	  
	 ﬃ	 
 	 	  
	
	
	 
  
	  
	  
	 


  ﬂ 	 


 	
    
 	 	
  
	 

  	 ﬂ
ﬃ			  

 
	 


 	
  
	 	
	 ﬃ	 
 	 	 
	  		
 
 	 
'	  
	 		
 
  
	  
	 
 
 
 
	 	
	
	 
 
	 	 ﬂ 	 
	 
 	 
  
	 		
  
	  
	 
 
	
		  	   	 '  
	 	 
  
 	   	 	 
 	  


 
	 
	  
	 
	  
	 	  	 ﬂ ﬃ 
	 	    

    	  
	 	  	  
   
	  
	 

 	
  
 
	  	 ﬂ 	 
	   	
  		
 
  


 

 
    	 		  
	 
  
	 
'  
 
	 	 
	 	
	 	 ﬂ
  

   ﬃ   	 


	  
 

 
  
   	 	 
   	
 		
 

	 
'  
  


 	 	
 
   '    
 

 	
	   	 	 

	    
	  	  
	 
	 
'   	
  
	 	 	  
	 
 '	ﬂ ﬃ		 	 		
 
		 
	
	  
  


 		
  (	* 

	 	
  (		* 	
	  	
ﬁ

 
	   
 (			* 	 	
 


 ﬂ ﬃ  
' 


 
 

'  
 
 

	 
 '   
 
	  
  
 	
  
 




 

 	
   
	 
' 
	  	
 


	 		
  
	 
 
  	

	 
	 		
 	  
	 
 	
  
	 
	  
	  
	
		
 
 
' ﬂ
  !  "    
#	  ﬂ
 
 
	    
	 	 	 	
  
	 

 	 
 	 	 

 	ﬀ 	 	
 ﬂ
 

	  	 		 
	
	  	 
    		

"
	 	 ﬂ
ﬃ	 		
 
 
 	  

 	' 
	 	  	  
	 ﬁ
 		 
 		   !$ 	  	 '	     ﬂ 	 
	 	 

	 

 	 	  		 
		 	
"
ﬀ  	  	 ﬀ   		  
	 		


	  	 
	 

   #	
 
ﬂ ﬂ
 
  
   	
  
	 	  	    
	  
 

	 



		 
	  		   	 	

	 ﬂ 	
 
 
	    

	  	 
  
  	  
	
"
	  
  	 		 

	 ﬂ 	 
	  
"




	 	  		 	

	  

	  
   
 	 
	 	'	 ﬂ ﬃ	 	
	 
 
	 
  
	 		 
   
  
    
	
"
	  	
  
   	 	 
   
     
        	 	 
     	 

	  		  	  	 	
 	
 ﬂ ﬃ	 
'

   
	 	  
	 	 
  	 
 
	
  	 	
 ﬂ
 
	

ﬀ   		 
		 	
 
 
 

	  	 	ﬀ
  
#	
 
ﬂ
"
ﬂ
                 
       
       
       
ﬂ               
       
       
       
     ﬃ	
 
 		
 

	 

  	   
 
	 !$ 	
 	
	  #	
 
ﬂ ﬂ # 
  
		 

	 	 		    

 	      
	 	  
	 
	  !   
  	 ﬂ
ﬃ		 	 

  
	 	
	 
   	 	
 
 

	  
 	 	 
 
	  
 
 ﬂ 	  		  	  
	  
	 	


	 	 		
 	  
 
	 		 
 

	 
 		 	
	  


		    
 ﬂ 	   
   
   
"

    		
   
	


 
	 	
ﬁ
 
	 	  		 		 ﬂ
  
  !         
	
 
 
  	
	  
  	   		 
  
  ' ﬂ ﬃ	 
 	 
  
'	

	 		
  

 
 
  
	 
 
	 		  	  
	 ﬃ	  


 	

( 		 
	   
	  
	 
'  
	 		  	*   ' ﬂ 		 
'   
	   
	  
	 		  	  
  	
 
 
 
	

 	
  
	 
' 
	 
	  		 
 	 
 
  	
  

  	  
	 

	 	  
  
	 	  
	 	
 	  		 
		    
 ' 		 		 
	 
'   	 (		
#	
 
ﬂ* ﬂ
(i) (ii)
   ﬂ  	  

 	
ﬁ
 
	 ﬂ ﬃ	 
 	  		  
	
ﬃ	  	 
	 
	 
  	   

	 	  
   	 ﬁ
 
	 	  	 ﬂ 
 (*  (* 			
 
  	 
' 
	

 
 
	  		 ﬃ	 
 	  	 
 ﬂ    
 	 	 
   

	
	 	  	  
	 		  	 
	 
'   	  ﬂ ﬃ	 	
 	  	

 
   
 	 	
  	
	 	  
 
	 

 

 	

	 	
 



 
 
	 	 	
 ﬂ
 
	 
	  
	 		
  
	 	  	 

 	   	 

	 
 	 		  
 
	      
  	 	 	
	
 ﬂ 	 		
  
	 

	 	  	 	  	  	 
		 
  
  	 
	 	
  
	 
   		 
	 	



 %	 


	 ﬂ ﬃ	 		
 


 
 
	  	  	 
 		 
		

	 ﬂ
  !        
# 	 
  	  
	 	 	
  
 
	
 
 	 

	  	  

	 		
 	  
	 	
  
	  	  &	
  	   
 	  
	

 ﬂ 	
 		
 	 

 
  

 	 ﬂ 	 
	   
	 	 

	 
	  
  	  
	 	 	
   
	  	
 ﬁ&	 



 


 
'	 
  	 
	 
	 		
 ﬂ 	 	
   



 

$ ﬂ$ 	 	 ﬂ
	 
 
	  		  
	 	 	
   		 

    ! 
  	
 
	
"
	  		
  
	  
 

	  
	 	 	
 	
 

	 ﬂ
		   
	   		 
   	 

"
	  
 	 
 
 		   

	  #	
 
ﬂ
 
   	 
	 
  	 
'	 
 	
	  	
 
 
	 
  
	 
	 	 ﬂ
	 	  
 
	 
  		 	 	
 
"

  
 
 

 	  

 
	 !$   	 	 
	
	 
 		 	
	  
 
	 	 
 
 	 	
 ﬂ
	   	
  
 
 		 
	 
 


	 		
 

 
  
"


  	
	  
   
	  	
 
 

 	 	ﬀ	
	 
  	 
	  

 	 ﬃ%    ﬂﬁ%%
 
ﬀ ﬂﬃ%ﬃ#!ﬃ ﬁ $ﬃ ﬃ% ﬂﬀﬁﬂ % 
 
	
  



 





 
 ﬀﬁ
 ﬂ

 ﬃ 
 


drift
chamber
wires
layers of
anode
        	
    
  
     
  

  
    

    
          

 



 
  	      



   
    
 

       	       
      
   
  

 
 	

  ﬀ 
   


    
  
       	  

    

 

 
  ﬁ         

          
  
 

    
  
	 


      

   

    

  

   

      
  	      
   

  

    

 	        

    

      
      

  ﬂ ﬃ	 ! 
	  
    

 

  


     
 


  

 
  
   
"

 

 #

 
 
$
 

 

$ 
 

 
   %     %&  
"
   ' 	   
 


drift
chamber
wires
layers of
anode


φ = 0
r 
wire
φ
wire
d
0
IP (0,0)
φ
0
particle
y
x
    ﬁ 	 
   
   
"

 

 #


	  


     
 


    
 
 
 

   

    %&  
  


              ﬀ 


 

 
    


 
  

 

 


    

 


  

   	   ﬀ 

 


  #

      
"


"
    #     
ﬀ
"
    


   
    %	 
   
       
   ﬀ 
  


  
   
	    
"

     

   	 
   


 
     $     

   
 
    ﬁ
  




#



   
 

   

ﬁ

 	  


 
&    


 

  
"

    

       

 




   
 
    








	          

 	           
    	

   

  
 	 

       

    

  
    
       

       ﬁ

















   
  


 









    









 

 
 

	
      
 	  



    




 

    

    
"

 ﬁ
 













   ﬀ

#


   ﬀ




  ﬁ

#


  ﬁ










 ﬂ

#


  ﬂ
















 

 
 


 



  

  

#

 ﬃ 

 #ﬃ   #




 

   &ﬃﬁ ! ﬃ"  ﬁﬃﬁ% ﬃﬁ  ! ﬃ ﬁ # !   %   '! % % $"" %  ﬁ  $
% '! %   "ﬂ
ﬀ
ﬃ # #$  ﬁ  $  ﬁ ﬃﬁ  ﬁ '!  *% ﬁ 
ﬂ
#
 
 	   
 
   
	





 


   


 


  
	 
  
"

 
 














   


    	



     
     	
     
     
  
    

      
    

 ﬀ	 
    
     

   

 
 

   
     
  $      


        
"

     





 
 	 



   	    

 
    
"

 



 
 	  

   	  
ﬀ    

  

  


     	  
      
    

     
"
  


   





  


 
     	  

  

       & ﬁ
    #   ﬃ 

 #ﬃ    
&  

 #   ﬃ   #ﬃ   
   #   
"
 
    ﬃ   #ﬃ   

 
     

   

  $     	

  



   
   ﬀ 

 
  

 
"
      



   


    ﬁ
 
   

  &

 #     # 

 
 

  
 ﬃ	 !  
 
       
"
 

          
  
   


 
      

       
        

    
"
 
"
     
   
    

   

        


	                 


              

   
           
    
"
 
    
  
  
"
     
     

               
    

    

      
       

   
"
 

  ﬀ 
"
  

       

   
"
 

   




 




     
       
 
       
"
ﬁ






 

  

 






  

# 

 


 

  

 


  

# 

 
 

ﬀ  
 	 
 




  





  
 	    


     
"

   ﬀ    	

  
	     

  
"
        

     
        

 

      	

$ 	

  



	    
 %

     

    %
 

 

 

 
   
"
     

 
 
 

   
 
  

   	
  

    

  

           
 	
  

    
 %

  
    
$ 

   


            

 
 

   

    

  
  
  ﬀ	  
 

   

 
  
"
     
   ﬀ
 
    

                
 
       

    

   

   
   


    


       

 

  
      
 

       

     


  	

         
     
 
    
"
       
     

   
 
    

  

       
        



    
     
"
 
"
     
   
  

 


         
     
      


   
 	    
      $  
 
 ﬀ  
 
  
 %

       	    
"


  	      
    
 %

    

"
        



       

 
 

    

 

  
 
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Drift Time  (microseconds)
0.0
0.2
0.4
0.6
0.8
1.0
D
rif
t D
is
ta
nc
e 
 (c
en
tim
ete
rs
)
0.7
    ﬁ 	  $

    ﬁ	% 

 
 
  ﬁ 

    
 
   
ﬀ
 
 

  
 %

   

  
 
	     
 


  

         

  	 
 

         

     
 
 


   
 


   
         

  

   %
    



   

  
 
 

     
   	
  %

  	

 
  
	 

 
   	 	
 

 


 



   

   
 	      
    
   
"
      

   



 


 



      



 

    
         $

   	 

 

  






  
"
  

          
 

 %

    



   

   
    
	   
   
  



 
  

    	
" 

"
 




  
    	

   

	  

  
   
 
  
"
    

     
      ﬁ




  
 ﬀ ﬁﬂ ﬃ 	


 ﬀ ﬁﬂ  

 



 
 


    

        

  

 


 

   
     
"
         
 	
   

 



 

     ﬀ

  %




  	 
   !        
     
ﬀ  

	  
"
  %



  

"  ﬀ   
 

  
      
   



  ﬀ     

  



    
       


  

   
"
   

  %



   




"
  



  

      

          
	


 
        	
ﬀ 
"

   #     
"
   
  

  	     &    ﬀ ﬁ
&       #   &   
    #        
"
 ﬀ  &    #    %

  
  

   &   

 

 


  
"


"
         	 ﬁ
    #   &    # 

  
        	      

 

 


  
"

 
"
   

   



  ﬀ 

      


 

             
    
    
ﬀ   

      

 

 

     
 

  

           
"
  
    


 ﬁ
     ﬃ  

 &  &ﬃ  

 
 ﬃ   &ﬃ    

      

%
  ﬀ 

    
"
      
 
 "   
  

          

     
" 
 
"    
 
 "    

    

        
   	      

 

 

 ﬁ


      ﬃ  

     ﬀ  &ﬃ 

 

   
 &ﬃ   ﬀ  ﬃ 
  


  
   

     
"
    



  



   

  

      	 
   

     
"


 



      	 

  

  	    

   	  

    

 
ﬀ 	

  	 
   



 

     	 





 
!  

           	

 



  

   



  

   	    
             

  
 

 

  
"
   



 	 
 

         
     % 
"

  
"
     


      %  %          
           

  ﬀ      
 

    
    	

   
 




	 
       

 
ﬀ 
"
 



  

       

 

 
   

     
         

 




    

          	 

     
  
 
"
   
"


 


"
       


  
 




   

  

 	

        	 


  
 


          
   



     
  



  
"
  

       	 

  

  
 
 
    	      

    


    
"
   

     "    

 
     	

    


 
"
     

  
     	 

   

  


    


	     ﬁ




 
 
   

 
   
   
   


 

 
  
  

  
  
 " 

 

 

  

  
     	

   


 

 

   
  
ﬀ   



     
   

  
     ﬁ     	 

    

     
	 

     

  ﬀ 

   
      ﬁ




      


   
    
 " 

  	   
   



      

  ﬀ     
  
  

 
  ﬁ
  

    

 


      

     ﬁ
 



 





    


 
 


    	  
 
  	     



   
  
    
  
     	 

  

 

 
 
 
 
     	

 

 ﬁ
      




 






 
 

   	 

 		   	
      

 
   
"
  


  

  $   



     
       
 
     

   


  

 
   	


 
 

ﬀ  

  

      	 
      %


   
  
   

      


 


  ﬀ     

    

  
"
  



    
 
   
  	
     

%
     $  
 
 
    

 
   $  
 
  ﬀ 
 

  
"
   
    %
	 
        
 
    


  

ﬀ 



    
             
  

       
  
  







 $    
ﬀ  

 


           

    





  

         #      




    %&    
 






  ﬀ     
 
-1.0  -.5  .0  .5 1.0
0
1000
2000
3000
4000
5000
6000
N
u
m
b
er
 o
f 
H
it
s
entrancesin θ
     ﬁ  
      

   

    
 

  

      ﬀ 

 
   
  ﬁ	%   

  ﬁ    

    ﬀ       


   	 
      

   

   
         
    

   

 

 

 

      	 

 %
       
    




  ﬀ     
 
 "   %

 
    
    

       

  
  
  
 



 
 
    ﬁ 	 
              

        
 



 






 
  ﬂ       
 

  	

   
  
"
       
 




 
 

    " 


"
   



 
   
 

   
"
       

 

 

   
  	 
	  	    
  $ 	 	 	 	  	
 $ 	
 
  !  	 	  
 	 
	 $  	 	 	
 
 
! 
  		 	  	 " ! 	 	 #
 
Efficiency ntuple. Proj. onto 1000*DOCA axis
0 2.5 5 7.5 10
Distance of Closest Approach  (millimeters)
0
2000
4000
6000
N
u
m
b
er
 o
f 
H
it
s
      ﬁ  
   

 

 

      ﬁ	%  


  ﬁ    

    

     	 
 

 


 	

   



     

 
ﬀ   

 

 

   $     	 %

 

  

 

 

    



 
 
        

 

 

  

  



  

      
 
    " 


   


 

   
 

  
      


       

 
"
   

      
  
  

 

        

 
     	        

    

         	    
 	    
 
 



                 
 %

"  ﬀ    

      % 



 


  
 
  

  







  ﬀ  % 



 
 
     
  
$          



   

     


 

     



  

 
1700 1750 1800 1850 1900 1950
Anode High Voltage  (V)
0.70
0.75
0.80
0.85
0.90
0.95
1.00
Ef
fic
ie
nc
y
HRS  Ar:CO2:CH4  [89:10:1]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
     ﬁ  



             


  

      



     
 
 

  
  
      
  

    ﬁ

    ﬁ    
     



       



    
 	 
   
 
    
	 
          

 

  ﬁ ﬁ 
 
ﬁ  ﬁ       
 
       
 
    
 
  
 
       
      
 
 

      


        
 

  
      


    
 
  
 
        


       
 
       


      
 
       

  ﬁ ﬁ	%   

 ﬁ  ﬁ    

   
 
      
       
 


     
 
   
 
    
 


       
 


        
 
 

     


      
 
       
  ﬁ	%   

  ﬁ     

  
 
        
     
 
  
 

  
      
       
 
        


        
 
       


   

  
 


       


    

   
 
        


      
 

 
      

 
        
 
       
  ﬁ

    ﬁ                 
       

       
   

  

       



     

   
 
       


       
 


       


       
 

 
      



       
 
       
 

 
        
 

 
       

 
       
 


      


 
       
 

 
       



   ﬁ ﬀ   

 % 



    



  



             	   
   



 
 

   
 	   



     
 
 

  
   
     

    ﬁ

    ﬁ        
 



       



      

 

     



    

   

 
 



  	 

    

       
   

   

    
"
    

          

   


  " 

       
      

 

  	 " 

      

 

  
  



   
         ﬀ      


        
" 
          



    

 

   



 
  

 

        



    
       


  

 
  





     


 
  

  ﬀ     

  





  $    
 

   



    

 

  	 

   



             


           

  
"
  
   

  ﬀ   

 
 %



  

 
   








 
       
 

 

    
    




  
 
"
   



  
 
       
     
 

 
    



  

      $    ﬀ 
"

  
     

       

    
   ﬀ 
            
 
   

 

        

   
 

0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
0 2 4 6 8 10
0.70
0.80
0.90
1.00
Drift Distance  (millimeters)
Ef
fic
ie
nc
y
1725 V
1750 V
1775 V
1800 V
1825 V
1850 V
1875 V
1900 V
    ﬁ  



     

    ﬁ	%   

  ﬁ     
  

    



            
 

  


   
  

 


       
$  
            


  
         
   !    


  
   



     	     %

 



   $    



     
   
   
 

 


  

   


           

  

 


        

   

           
 
 
0 20 40 60 80
Wire Number
 .60
 .70
 .80
 .90
1.00
E
ff
ic
ie
n
cy
    ﬁ  



     
    ﬁ	%   

  ﬁ    

    ﬀ

"
   
     

       

 
      ﬀ 
           

     

  $
      %
  
         ﬁ       	   
	       
 
       	
     

      

     % 
    
 
0 4 8
Layer Number
 .60
 .70
 .80
 .90
1.00
E
ff
ic
ie
n
cy
     ﬁ  



    
    ﬁ	%   

  ﬁ    

    ﬀ

 


        	       
 

           	       

     	    
	  $     $            

     	

  
 
   

 
                
 
  
         

       

  $   
    



   
     
 	    
  ﬀ     
     



    
 	  
  



    
    

       	
     

     

    



  	 
    
 
  
 

0 2 4 6 8
0.75
0.80
0.85
0.90
0.95
1.00
LoZ1  He:CO2:i-C4H10  [83:10:7]
0 2 4 6 8
0.75
0.80
0.85
0.90
0.95
1.00
HRS  Ar:CO2:CH4  [89:10:1]
0 2 4 6 8
0.75
0.80
0.85
0.90
0.95
1.00
LoZ3  He:C3H8  [70:30]
0 2 4 6 8
0.75
0.80
0.85
0.90
0.95
1.00
LoZ2  He:i-C4H10  [80:20]
Layer Number
Ef
fic
ie
nc
y
     ﬁ  



    
     
 	   
   ﬀ 
 


         	    
    

           	    
  

     	     ﬀ     

 
  
        
 
   

 
  		
 		

    
"
       

   

    
  

 

   
    
"
  

   


 
 ﬁ 
  ﬁ ﬁ 
 
ﬁ  ﬁ    ﬁ ﬁ%   

 ﬁ  ﬁ    ﬁ%   

  ﬁ     ﬁ

 
  ﬁ   ﬀ  
        



     




      
       
 % 
      %  

    	  
    
%      

     
    
  

   
 %       ﬀ  
         

  

   

 
 

    


 
"
      $

  
	

 

    

      

   

   


 
"
  

  	 
      

     



  

   
  
    

        

 

 
   
        

   

 
 	 

    
    

  
 	

      



 	 
   


      

     
 % 

    	

      

   
  



 
   

         

 

 
    

 

  

 
      

  
    
"
 

 ﬀ  
      

    
 %

   ﬀ
	       



  
"
    	 




  
   

   

   
"
 

     ﬁ
 
    

     





 

  $

           

 
ﬀ  
"
   
 

     

  
  ﬀ  
 
"
 
     
   

     
ﬀ        
      

 
   

 
"
 

 

  

   

   
  

      
        $




 



              ﬀ ﬁ
ﬂﬃ !"
#$"
"
ﬁ  ﬀ

ﬁ
"  
ﬀ #
"



!
ﬀ% &&
ﬃ

 "
#$
 !"  
&' 
  
( )

ﬀ(

*  +#
"  
ﬀ
)#&
"  !"  

"
&
 
ﬀ

$ ﬀ
ﬂ  !"
)
 
&#
"
% 
 !

 !"
&
!
*+
" ,
 - . 		/  

 

0
!"
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ 
ﬂ
ﬀ
ﬃ
ﬁ +$ 2
  
(
 !" "
ﬁ
ﬃ
# 
!
ﬀ%  3(
ﬃ"

,
4

 
ﬀ
 (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
,
0
!"
#'
"
#
!
ﬀﬀﬁ 2
 
#(ﬀ


 !
* % 
 !

 !" 5 6

6
0 
7

2
  
( )&'(
"
%
ﬃ

"
ﬁ  ﬀ))ﬀ
"
ﬁ
 
ﬀ
 !" 8

#(ﬀ


 !
*  ﬀ

ﬁ
"  
ﬀ
 "

  !" "
ﬀ


 + % 
 !
* ## &ﬀ
ﬃ

 
 )

ﬀ)
"
#$
,
0
!
 )#ﬀ
 
 
!
ﬀ%  3(
ﬃ"

,
49
, :
	; < 
  
4
-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
u
m
b
er
 o
f 
H
it
s
   	 
  
 
ﬀ(

* ﬀ
ﬂ "
ﬁ
ﬃ
#
ﬂ
ﬀ
 "
&
! !

 

 !"

"



  



7
 ( ﬁ
 

*)#
"

 
 

 
ﬁ
 
 *)#
"
+
"ﬂ
ﬀ
"
2
  
(
 
ﬀ  
ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
,
ﬁ
"
2
"
ﬁ 
 !"

 
ﬁ

ﬁ ﬁ
"
1
 
ﬀ ﬀ
ﬂ  !
 ﬁ
 
+
ﬃ 
ﬀ  ﬁ
 !" "
ﬀ


 !" "
ﬀ#
ﬃ 
ﬀ
 *)#$
 !"

 

 

 
&#
"
ﬀ


 !"

 
ﬁ

ﬁ ﬁ
"
1 
 
ﬀ
,
+1ﬀ
ﬃ
#$
 !"
ﬁ
 
+
ﬃ 
ﬀ 
!
ﬀ%  3(
ﬃ"

,
49
 ﬀ
 
(ﬀ1
"

"
ﬁ +$  )
ﬃ"
#$ 
ﬃ


 
!
)
" , 

ﬃ
* (
 !

  !"
)
"
'
"
(ﬀ
ﬂ
ﬀ##ﬀ%   
ﬃ
 ﬁ
 
+
ﬃ 
ﬀ 
 !" "
(ﬀ
% 
 !
#

(
" "
ﬁ
ﬃ
# 1#
ﬃ"
 & +
" "
&#
ﬃ
ﬁ
"
ﬁ ﬀ
 !

  !"
2
  
( #(ﬀ


 !
* & &ﬀ&
"


 

 "
ﬀ 2
  
(
 !"
)
"
' %
!
&
!
 ﬀ
ﬂ
*  &ﬀ&
"

,
ﬀ%
"
1
"

 !" ﬃ"

 
ﬀ 


"
 
 
!""

!
ﬀ
ﬃ
#ﬁ
 !"
&
ﬃ 
+
"
* ﬁ
"  ﬂ "
&ﬀﬁ
"
( * $ )#ﬀ
 
 * #
  
ﬀ
 !
ﬀ
"

!
ﬀ%  3(

ﬃ"

,



 
% ﬁ
"
&ﬁ
"
ﬁ
 !

  !" "
ﬁ
ﬃ
# 1#
ﬃ"
 
!
ﬀ
ﬃ
#ﬁ +
"
2
  
ﬀ  
ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
%
!""  !" "
(ﬀ
ﬂﬃ !"  !

 
,
 ﬀ
"

 !"
ﬁ
"
ﬀ
ﬂ  !"
*
"
 
" "
&#
ﬃ
ﬁ
"
ﬁ  ﬀ

ﬁ
"
 
ﬀ (ﬀ
"
ﬀ


ﬃ

 
# &ﬀ
 
+
ﬃ 
ﬀ
,
0
!"
ﬁ
"
&ﬀ
 
ﬀ &
ﬃ 
ﬀ &#ﬀ
"  
ﬀ
 !"
*
"

  

0 5 10
Drift Distance  (millimeters)
-1000
-500
0
500
1000
R
es
id
u
al
s 
 (
m
ic
ro
n
s)
    
  
"
ﬁ
ﬃ
# 1
,  !"
+ﬀ#
ﬃ "
1#
ﬃ"
ﬀ
ﬂ  !"
)
"
ﬁ&
 "
ﬁ ﬁ


ﬂ 
ﬁ 
 
&
"
ﬀ+
 

"
ﬁ
 !
ﬀ
ﬃ
(
!  !"
2
  
( )

ﬀ(

*
ﬃ
( 
"



  



7
 ( 
 
 

 
,
0
!"

ﬃ
*+
"
ﬀ
ﬂ
&ﬀ
ﬃ

 
 % 
 !
 (1
"

"
ﬁ
ﬃ
# ﬁ ﬁ


ﬂ 
ﬁ 
 
&
"
 ﬁ&
 "
ﬁ +$
 !"  !
&'
"
 ﬁ % ﬁ
 !
ﬀ
ﬂ  !"
+


,
3ﬀ

*ﬀ
 "
(ﬀ ﬀ
ﬂ

 ""

 

 !"
&
"
## 
 !" "
ﬁ
ﬃ
# 
"
ﬁ
 
+
ﬃ "
ﬁ +ﬀ
ﬃ 

*  

ﬀ
ﬃ
(
!
#$ 
ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
,  
#

(
"
ﬁ
 
&
"

ﬂ
ﬀ*
 !"

"

"
% 
"

 !"
"
ﬁ
ﬃ
# 
"

ﬃ
+
 

 
##$ #

(
"  !

 !
ﬀ
"
&#ﬀ
"  
ﬀ
 !"
% 
" ,
% 

1
"
ﬁ 
 

ﬂ "
&ﬀﬁ
"
(
!
ﬀ% %
"
##
 !"
)
"
' %
""
2
 
  ﬀ

 #
 "

 
1
"
#$
 !"
ﬁ
"
&

ﬀ % 

1
"
ﬁ 
 

ﬂ "
&ﬀﬁ
"
(
!
ﬀ% )ﬀﬀ

#$
 !"
)
"
' %
""
2
 
%
!"

 !"
ﬁ
 
 %
 ﬃ
&
 "
ﬁ 
 
7

ﬂ
ﬀ*
 !"
*
"

,

#
"


#$
 !"
2
 ﬃ
(
 !"
&
ﬃ 
ﬀ 
 
 
,
 
 !"
+
"  "
2
 
ﬀ
ﬂ  !"  
%ﬀ
 !" 8
 
ﬁ
"
(
""
ﬀ
ﬂ ﬂ""
ﬁﬀ*
 

 

 !"
&
"
%
!""
%
" ﬃ

"  !"
 
,
 &
ﬃ 

 
,
99
%
!
#
"  !" 8

 



 !"
&
"
ﬀ
ﬂ  !"
&
ﬃ 

 
7
 

,
 
,
+1ﬀ
ﬃ
#$
 !"
* ﬀ
"
ﬁ
 
 )ﬀ
 
 ﬀ
"
#
"
1
"
 ﬀ
ﬃ 

 !"
	 	 
	 

 
 


  
		
  	 	 	   
    	 	 
	 	  	  	 	
   	        	  

   	
   		  		      
   
  

-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
u
m
b
er
 o
f 
H
it
s
     
  
 
ﬀ(

* ﬀ
ﬂ  !" "
ﬁ
ﬃ
#
ﬂ
ﬀ
 "
&
! !

 ﬃ
( 
"



  



7
 ( 
 
 

 
, 6 

ﬃ

 "
&#
"

  !

 
ﬀ
 !"
%
!
ﬀ#
"  !" "
ﬁ
ﬃ
# 1#
ﬃ"
 
"
ﬀ
 
%
"
## ﬁ
"
&

+
"
ﬁ
+$  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ  ﬁ
 !

  !" "
(ﬀ % 
 !
#

(
" "
ﬁ
ﬃ
# 1#
ﬃ"
 
 !"
 
 
# ﬀ
ﬂ  !"
ﬁ
 
+
ﬃ 
ﬀ  
"
ﬁ1
"

"
#$ 
"
&
 
(
 !"
2
 
ﬀ
ﬂ  !"
)
"
'
,
 
# ﬀ
ﬂ  !"
ﬁ
 
+
ﬃ 
ﬀ 
 !"
+
"  "  !"
*)#
 ﬃ
ﬁ
"
ﬀ
ﬂ  !" "
* ( ﬁ
 
 
 !"
)
"
'
% ## +
"
2
 
 +
ﬃ 

 
%
ﬂ"
#
  !

 
 
,
 %  
ﬃ

 
+#
"  
ﬁ
"
ﬀ +
" 
%
""
 &
ﬃ  
( ﬀ
ﬃ 
ﬁ
 

ﬁ ﬀ+
 
(  (ﬀﬀﬁ
"

 
* 
 "
ﬀ
ﬂ  !" "
ﬀ#
ﬃ 
ﬀ 
 !"
% ﬁ
 !
ﬀ
ﬂ  !" "
ﬁ
ﬃ
# )
"
'
,
0
!"

ﬃ

 
2&
 
ﬀ
ﬂ
ﬀ
 "
&#
ﬃ
ﬁ(
 !"
ﬀ


ﬃ

 
#
"
(ﬀ ﬀ
ﬂ  !" "
ﬁ
ﬃ
# ﬁ
 
 
 !

 
!

 
 
 !"

" "
(ﬀ 
"
ﬀ
 
%
"
## *
"

ﬃ"
ﬁ
, 
$
 "
* 
 
&
"

"
&
 
 ﬁ
ﬃ"

 
&
"
## + ﬀ
ﬃ
ﬁ


"

* $ +
"  !"
&
ﬃ

"
 +
ﬃ 
 $ &
"
 ﬁ
 
 
 !"

"
ﬀ
ﬃ 
#$ (
"
(ﬀ ﬁﬀ ﬀ
 
&ﬀ
 

 ﬃ "

(2&
 ﬂ
&
 
ﬀ ﬀ
ﬂ  !"
&ﬀ*)#
" "
ﬁ
 
 *)#
"
 ﬁ
 !"
$ 
"
ﬀ
 

 ""

 
(
ﬂ
ﬀ
  !"

"

 ﬃ
ﬁ
"

,
   



-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
um
be
r o
f H
its

+

-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
um
be
r o
f H
its
     


ﬀ*)

ﬀ ﬀ
ﬂ
2
 "
ﬁ
ﬃ
# ﬁ
 
+
ﬃ 
ﬀ %
!"

"
(ﬀ
ﬂﬃ !"  !




 
,
 ﬁ

+

7
,

 
" "
&#
ﬃ
ﬁ
"
ﬁ
ﬃ
( 
"



  



7
 ( 
 
 

 
,
 #ﬀ
 



ﬀ
 !" 
(
! 

!
ﬀ% 
 !" "
ﬁ
ﬃ
# 1#
ﬃ"
 2
  "
ﬁ
 
ﬀ  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
"
&#
ﬃ
ﬁ(
"
(ﬀ
ﬂﬃ !"  !

 
,
 ﬀ
"

 !"
ﬁ
"
ﬀ
ﬂ  !"
*
"
  %
!
#
"
)#ﬀ
 

+

ﬀ
 !"
#
"ﬂ 

!
ﬀ% 
 !"
*
" "
ﬁ
ﬃ
# 1#
ﬃ"
 2
  "
ﬁ
 
ﬀ
 !"
*
"
(#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
"
&
"
)
  !

 

 !

&
" "
(ﬀ +
"
$ﬀﬁ
7
,

 
" "
&#
ﬃ
ﬁ
"
ﬁ
,
 #ﬀ
 




 !"
+
"  "
2
 
+
"
&
ﬃ

"

 
ﬁ
"
&

+
"

 !"
*)#
 ﬃ
ﬁ
"

!"
(
! 
ﬀ
ﬂ  !"
)
"
' *
ﬃ
&
!
+
"  " ,
0
!"
ﬁﬀ
  "
ﬁ )
 
ﬀ
ﬂ  !"
+
"

 
2
 
&
ﬃ
1
"

!
ﬀ% 
 !" "
(ﬀ
 !

 !
 +
""

"
&#
ﬃ
ﬁ
"
ﬁ +$
 !"
&
ﬃ 

,

#ﬀ 1
"

 
(
 "
ﬁ %
 !"
)ﬀ+ #
 
$ ﬀ
ﬂ
2
  
(
 !" "
ﬁ
ﬃ
# ﬁ
 

 
ﬀ
 
%ﬀ 
ﬃ

ﬁ
 
+
ﬃ 
ﬀ ﬀ
"


ﬀ% 
ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
 
ﬀ ﬁ
"
&

+
"  !"
ﬁﬀ* 
 
)
"
' %
!
#
"
 !"

"
&ﬀﬁ  +

ﬀﬁ
"
ﬁ
 
+
ﬃ 
ﬀ
 !

 
%ﬀ
ﬃ
#ﬁ &&ﬀ
ﬃ

 ﬂ
ﬀ
  !"
ﬀ


ﬃ

 
#
,

ﬀ*)

(
 !"
2
  
ﬀ  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ % 
 ! "
(ﬀ 
 
 
,
 ﬁ
ﬂﬃ !"
!
1
"
+
""

"
&#
ﬃ
ﬁ
"
ﬁ
 
ﬀ
 !"
2
  
ﬀ
7

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ %
!""
ﬀ
"
(ﬀ
!
1
"
+
""

"
&#
ﬃ
ﬁ
"
ﬁ  
 

"
1 ﬁ
"

  !

  !"
2
 
 
"
&ﬀ*)

+#
" ,
0
!" 8

 



 !"
&
"
ﬀ
ﬂ  !"
(#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ 
 
,
99
%
!
#
" ﬂ
ﬀ
  !"
2
  
ﬀ
7

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ 
 !" 8

 



  



-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
um
be
r o
f H
its

+

-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
um
be
r o
f H
its
      


ﬀ*)

ﬀ ﬀ
ﬂ  !"
*
" "
ﬁ
ﬃ
# 1#
ﬃ"
 2
  
ﬀ



 
ﬀ


+

7

ﬃ

ﬁ
 
+
ﬃ 
ﬀ
ﬃ
( 
"



  



7
 ( 
 
 

 
,
ﬀ
 
&
"  !

  !"
+ ﬀ
 !
&
"


ﬀ 
)#ﬀ
 




ﬁ

+

 2
  !"
ﬁ
 
 %
"
##
,
0
!"
ﬁ
!"
ﬁ &
ﬃ
1
"
  )#ﬀ
 

+


!
ﬀ% (
 !"
2
  
ﬀ
7

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ ##
ﬃ

 

 "

 !" "
#
 
1
"
&ﬀ
 
+
ﬃ 
ﬀ ﬀ
ﬂ  !"
+&'(

ﬀ
ﬃ
ﬁ
 
ﬀ
 !"
ﬀ1
"
## 
!
)
" ,
7
,

4
,
ﬀ%
"
1
"
   2
  
( #(ﬀ


 !
* 
 !"
7

ﬃ
 *
" !
ﬀﬁ 
""
ﬁ
"
ﬁ *ﬀ
"
* 
 "
&
"
 !

 !"
(#
"

ﬃ
 2
 ,
 #&( ﬀ#$
 !"
&ﬀ
 

  !

  !"

"
 ﬀ
ﬂ "
&
!
ﬀ
ﬂ
 !"
&
ﬃ
1
"
 +
"
(
"

 "  !
 "
"
ﬀ 
 !"  
%ﬀ


ﬃ
 *
" !
ﬀﬁ
!
ﬁ ﬁ  &
ﬃ
#
 
$ &ﬀ
"
&
 
#$
ﬁ
"

 

ﬂ
$ ( +ﬀ
 !  !"
+&'(

ﬀ
ﬃ
ﬁ ﬁ
 
+
ﬃ 
ﬀ ﬁ
 !"
)
"
' %
"
## 
"
)
"
&##$ 
 !"
&
"
ﬀ
ﬂ

"



 


  

 

 


 
 %
!""  !"
ﬁ
 
 
" 
% * ##
"  !

 !" "

 
ﬁ
 !""
%
(
"

 "

ﬃ
&
 ﬃ

 
ﬀ 
 !"
&
ﬃ
1
" ,
0ﬀ &ﬀ
"
&
  !
  ﬁﬁ
 
ﬀ# &ﬀ
 

 
 %
""
)

ﬀ1ﬁ
"
ﬁ

ﬃ
&
!

 !" 

 
ﬀ ﬀ
ﬂ  !"

"
 ﬀ
ﬂ  !"  
%ﬀ &
ﬃ
1
"
 ﬁ
 !" 

 
ﬀ ﬀ
ﬂ  !"

 
ﬁ

ﬁ ﬁ
"
1
 
ﬀ
ﬀ
ﬂ  !"  
%ﬀ &
ﬃ
1
"

, 
  &ﬀ
"ﬃ"
&
"

 !
ﬀ
ﬃ
(
!
 ﬀ
ﬃ "
ﬀ#
ﬃ 
ﬀ +
"
&ﬀ*
"
 ﬀ*
"
%
!

 
* ﬀﬁ
"
#
ﬁ
"
)
"
ﬁ
"

 ﬃ
(
 !"
*
" !
ﬀﬁ ﬀ
ﬂ
2
  
(
 
ﬀ
7

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
,
0
!""ﬂ
ﬀ
"

 !"
  
9
*ﬀ
" "
#+#
"
*
" !
ﬀﬁ ﬀ
ﬂ ﬃ
(  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
 
ﬀ ﬁ
"
&

+
"  !"
ﬁ
 
 %
"
*)#ﬀ$
"
ﬁ
 !
ﬀ
ﬃ
(
!
ﬀ
ﬃ  !"

ﬃ
+
"ﬃ"

 "
ﬀ#
ﬃ 
ﬀ #$
,
    
	 		  
 	


"
ﬁ ﬀ
 !"
+ﬀ1
"


(
ﬃ
*
"

 
 
 !"
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ % ﬁ
" "
* 
"
ﬁ +$ 2
  
(
 !" "
ﬁ
ﬃ
# ﬁ
 

 
ﬀ  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ %
!"" "
(ﬀ
ﬂﬃ !"  !

 
,
 ﬀ
"

 !"
ﬁ
"
ﬀ
ﬂ  !"
*
"
 %
"" "
&#
ﬃ
ﬁ
"
ﬁ   &ﬀ
ﬃ
&
 
ﬀ % 
 !  !"
#$ &
ﬃ 
 ﬀ
ﬃ 
#
"
ﬁ 

!
)
 "
 
 
"
&
 
ﬀ
 
,
4
,
0
!"
)#ﬀ
 
 )

ﬀ1ﬁ
"
ﬁ  3(
ﬃ"

,

7

!
ﬀ%
 
$)&#
"
ﬁ
ﬃ
# 1#
ﬃ"

+
"
( 2
 
+$
 !"
*
" !
ﬀﬁ
"

 
+#
!"
ﬁ +ﬀ1
" ,
0
!"
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ  ﬀ+
 

"
ﬁ +$
&ﬀﬁ
"
(
 !" "
ﬁ
ﬃ
#
ﬂ
ﬀ* ##
 !" !

 
   (1
"

ﬃ

, 6
 
ﬃ
+
"ﬃ"

 
#$ 
 !"
"
ﬀ#
ﬃ 
ﬀ  ﬁ
""

 "
(ﬀ ﬀ
ﬂ  !"
&
"
## & +
"
ﬁ
" "
* 
"
ﬁ +$ )#&( &
" 
 &
ﬃ 
 ﬀ
 !"
ﬁ
 

 !

 
ﬀ#
 "  !"

"
 
ﬃ"

 
ﬀ
,

"
ﬀ
ﬂ  !"
2


 ﬃ"

 
ﬀ
 !

 

""
ﬁ
 
ﬀ +
"
%
""
ﬁ
ﬂ
ﬀ
 "
&
!
(  %
!""  !"
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
"
ﬀ)
"

 
(
"
(ﬀ 
,
0
!
  ﬁﬀ
"
+$
"
* (
 !"
)
 
#
"
ﬀ#
ﬃ 
ﬀ ﬀ+
 

"
ﬁ 
 "
&
!
1ﬀ#
 
(
" ,
  
""

 
( * 
 ﬃ"
 % ## &ﬀ
 
+
ﬃ "  
ﬀ ﬁ
""

 
)
 
#
"
ﬀ#
ﬃ 
ﬀ 
 
ﬁ
""

 !
(
!
1ﬀ#
 
(
"
  
 !" "

ﬃ
#
 
 ﬀ
ﬂ  !
 
 ﬃ
ﬁ$
ﬂ
ﬀ

##
ﬂ
ﬀ
ﬃ
(
"

ﬃ

"
ﬁ 
 !"
&
!
*+
"

"

ﬃ
**

"
"
ﬁ  0+#
"

,
 ﬁ )#ﬀ
  "
ﬁ  3(
ﬃ"

,

,
0
!"
(

)
!
&#
"


#$ 
!
ﬀ% 
 !"  "
ﬁ ﬀ
ﬂ
*)

ﬀ1(
"
ﬀ#
ﬃ 
ﬀ 
!
(
!
1ﬀ#
 
(
"
&
"

"

ﬂ
ﬀ

"
&
!
( * 
 ﬃ" , 6

 !"
&
"
ﬀ
ﬂ  



 


 

9


 


 
 ﬁ 
"



  



7
 (
"
 

 !"
1ﬀ#
 
(
"
&
"

"

"
ﬀ#
ﬃ 
ﬀ &ﬀ
 

ﬃ"

 
ﬀ *)

ﬀ1
" ﬃ
)
 
ﬀ  * *
ﬃ
* 1#
ﬃ"
 
ﬂ "
%
!
&
!

 
+
"
(
 
ﬀ &
"

" ,
3ﬀ
  !"

"



 


  

 

 


 
 ﬁ 
"




  
 




( * 
 ﬃ"

 !" !
(
!"
1ﬀ#
 
(
"
 %
""
ﬀ
 
1
"

 
(
 "
ﬁ  ﬀ

ﬁ
"  
ﬀ 2ﬁ
 !
 +ﬀ#
ﬃ "
* *
ﬃ
* +
"
&
ﬃ

"

 
% #
"
ﬁ$
"
1ﬁ
"

 ﬂ
ﬀ*
 !" "
  &
"
&$ 
 ﬃ
ﬁ
"

 !

 !
(
!"
1ﬀ#
 
(
"

!
ﬁ * 

'
"
ﬁ#$ ﬁ
"
&
"

"
ﬁ
"
  &
"
&
"

,
1
"
##  
"



  



7
 ( ))
"



 
ﬀ
!
1
"
 !"
+
"

 
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ 
"
&
!
( 
"
ﬀ#
ﬃ 
ﬀ ﬀ
ﬂ

9
 ,



,
 

* 
 
  



 7



-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
N
um
be
r o
f H
its

+

-1000 -500 0 500 1000
Residuals  (microns)
0
200
400
600
N
um
be
r o
f H
its

&

-1000 -500 0 500 1000
Residuals  (microns)
0
1000
2000
3000
4000
5000
6000
N
um
be
r o
f H
its

ﬁ

-1000 -500 0 500 1000
Residuals  (microns)
0
500
1000
1500
2000
N
um
be
r o
f H
its
      


ﬀ*)

ﬀ ﬀ
ﬂ  
$)&#
"
ﬁ
ﬃ
# 1#
ﬃ"

ﬂ
ﬀ
  !" ﬂ
ﬀ
ﬃ
(
"

 "

 "
ﬁ 
 !"
)

ﬀ

 
ﬀ
 
$)
"
2
 ﬃ
(  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ %
!"" "
(ﬀ
ﬂﬃ !"  !

 
,
 ﬀ
"

 !"
ﬁ
"
ﬀ
ﬂ  !"
*
"
 %
"" "
&#
ﬃ
ﬁ
"
ﬁ
,
 #ﬀ
 




!
ﬀ% 
 !" "

ﬃ
#
 

ﬂ
ﬀ
  



 


 

9


 


 
 (

 !" ﬃ
))
"
#
"ﬂ 

!
ﬁ &ﬀ


"
 )#ﬀ
 

+


!
ﬀ% 
 !" "

ﬃ
#
 

ﬂ
ﬀ


"



 


  

 

 


 

( 
 !" ﬃ
))
" 
(
! 

!
ﬁ &ﬀ


"
 )#ﬀ
 

&


!
ﬀ%  
"



  



7
 ( 
 !"
#ﬀ%
"
#
"ﬂ 

!
ﬁ &ﬀ


"
 %
!
#
"
)#ﬀ
 

ﬁ


!
ﬀ%  
"




  
 



 ( 
 !"
#ﬀ%
" 
(
! 

!
ﬁ &ﬀ



" ,
 
"
&##
 !

  !"

 
ﬁ

ﬁ ﬁ
"
1
 
ﬀ

% ﬁ
 ! 
ﬀ
ﬂ "
&
!
ﬀ
ﬂ  !"

"
ﬁ
 
+
ﬃ 
ﬀ  ﬁ
"
2
"
ﬁ

 !" "
ﬀ#
ﬃ 
ﬀ
ﬂ
ﬀ
  !

 
)
 
&
ﬃ
#

(
ﬃ

,
 7 
%
!
#
"

"




  
 



 (  &ﬀ*)

+#
"
% 
 !

"
ﬀ#
ﬃ 
ﬀ ﬀ
ﬂ

 
,
 
 
,
7

* 
 
 
9
 
,
ﬀ
 
&
"  !

 

"




  
 



(
"ﬃ

"
  
ﬃ
+
 

 
##$
!
(
!" ﬃ
( 1ﬀ#
 
(
"
 !

 !"
ﬀ
 !"
(
"

 "

 "
ﬁ
,
1700 1750 1800 1850 1900 1950 2000
Anode High Voltage  (V)
80.0
100.0
120.0
140.0
160.0
180.0
200.0
A
ve
ra
ge
 C
el
l R
es
ol
ut
io
n 
 (m
icr
on
s)
HRS  Ar:CO2:CH4  [89:10:1]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
      


1
"
(
" "
ﬀ#
ﬃ 
ﬀ 1
,
ﬀﬁ
" !
(
!
1ﬀ#
 
(
" ﬂ
ﬀ

## (
"

ﬃ

"
ﬁ 
 !"
)

ﬀ
 
ﬀ
 
$)
"
&
!
*+
" ,
ﬀ
 "  !

 
ﬀ1
"
* ﬀ
 
ﬀ
ﬂ  !" !
(
!
1ﬀ#
 
(
" 
(
"

!"
#
ﬃ
*

+
"
ﬁ (
"

!
1
"
 +
"  " "
ﬀ#
ﬃ 
ﬀ
 !

 !"


(ﬀ

+
"
ﬁ (
, 6
 )
 
&
ﬃ
#

 
"



  



7

(
!

 !"
+
"

 
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ ﬀ
ﬂ
##  &#ﬀ
"
#$
ﬂ
ﬀ##ﬀ%
"
ﬁ +$ 
"




  
 



 (
%
!"
 &ﬀﬁ
""
ﬁ 
 !"
))

ﬀ)


 "
ﬀ)
 
* #
!
(
!
1ﬀ#
 
(
" "
(ﬀ
,


"
&ﬀﬁ 1
"

 
(
 
ﬀ 
 ﬃ
ﬁ
"

!
ﬀ%
"
ﬀ#
ﬃ 
ﬀ ﬁ
"
)
"
ﬁ ﬀ
 
&' #ﬀ &
 
ﬀ % 
 !

 !"
&
"
##
,  

 
( % 
 !  !" "

 

" "
ﬁ
ﬃ
# ﬁ
 
   &
ﬃ 
% )#&
"
ﬁ ﬀ )
"
ﬁ&
 "
ﬁ ﬁ


ﬂ 
ﬁ
 
&
"
 
ﬀ ﬀ#
 " "
ﬁ
ﬃ
#
ﬂ
ﬀ
 "
&
! "
(ﬀ ﬀ
ﬂ  !"
&
"
##  +
 
** %ﬁ
" ,
0
!"

" "
ﬁ
ﬃ
# 1#
ﬃ"

%
""  !"
 2
  
ﬀ  (#
"

ﬃ
 ﬁ
 
+
ﬃ 
ﬀ
"
&#
ﬃ
ﬁ(
 !" "
(ﬀ +
"
$ﬀﬁ
 
,
 ﬀ
 77
   
	 
          

 


 



 


 

9 

 


 

  7

  
,

 
,

  

  
9
,
7

7
,
9
   

 
4
,
 

 
,
7
   
4
,
7

 
,
 
 7

 


,
 
7
,

 

  
4
,

 
,
4
  

 

 
,
 
7
,


"



 


  

 

 


 

  7

 

4
,
 

4
,

  

  
4
 
,
 
,
9
   

 


,

7
,
4
   7 
,
 

7
,

 7

 7

,
  
,


"



  



7

  7

 

4
,
 

 
,

  

   
9
,
 


,

   

  
,



,
 
   
,



,
 
 7

 
4
,


,
 
 

    
,
 

,
  

9
 ,



,
 
 
9

9

,



 
,

"




  
 




  7

 

,


4
,
9
  

    
,
 
,

   

 

4
,
 

7
,

   
4
 
,


 
,
 
 7

 

,


 
,
 
 

  77
,

 
,
7
  

  

,
9

 
,
 
 
9
  
 ,
 
 
,

 
9
7

 

,
 
 
,
7
 
9

  
,
 
 
,
7



     
 0+#
"
ﬀ
ﬂ "

ﬃ
#
 
 ﬁ&
 
(
 !"
1
"
(
"
&
"
##
"
ﬀ#
ﬃ 
ﬀ
ﬂ
ﬀ
  !" ﬂ
ﬀ
ﬃ
&
!
*+
"
(
"
 
 
1

ﬀ
ﬃ
 ﬀ)
"

 
( 1ﬀ#
 
(
"

,
 7

"

 !"
ﬁ
"
ﬀ
ﬂ  !"
*
"
  ﬁ
 !" "
ﬀ#
ﬃ 
ﬀ %
 
'
"

 
ﬀ +
"  !"

 
ﬁ

ﬁ ﬁ
"
1
 
ﬀ 
+
"ﬂ
ﬀ
" ,
 
"
ﬀ#
ﬃ 
ﬀ 
"

  !"

"

"
% 
"
 %
"
## 
ﬂ

 ﬂ
ﬀ*
 !"

"

"
% 
"


"

  !"
&
"
## + ﬀ
ﬃ
ﬁ

$

%
"
)
"
&
 "
ﬁ
 
ﬀ +
"
)ﬀﬀ
"  !

 !"
1
"
(
" "
ﬀ#
ﬃ 
ﬀ ﬀ1
"  !"
%
!
ﬀ#
"
&
"
##
, 6

 !"
&
"
ﬀ
ﬂ  !" ﬂ
ﬀ

*
"

"
#
"
&
 
ﬀ 1#&
!"

!
1
"
ﬀ
 !
ﬁ  &
!
&
"  
ﬀ +
ﬃ
#ﬁ
ﬃ
)
%
!
&
!

 ﬃ
 *
"

 !

 
'ﬀ% #
"
ﬁ(
"
ﬀ
ﬂ  
*
"
+
"
' ﬁﬀ% 1
"
$ &#ﬀ
"  
ﬀ
 !"

"

"
% 
"
ﬁ +
"
&ﬀ*
"
 ﬁﬀ* 
 "
ﬁ +$ ﬀ
" ,

!
#
"
 
 !"
#
  "
&
"

 !" "
ﬀ#
ﬃ 
ﬀ % ## +
"
)ﬀﬀ

)
 
#$ ﬁ
ﬃ"  
ﬀ
 !"
#ﬀ(
"
ﬁ


ﬂ 
#
"
(
 !  !" "
#
"
&
 
ﬀ
!
ﬁ
 
ﬀ ﬁ


ﬂ 

 !"
$ *ﬀ1
"  
ﬀ%

ﬁ
 !"
ﬀﬁ
"
% 
"
 *
"

 
ﬀ
"
ﬁ 

!
)
 "
4  ﬁ #ﬀ +
"
&
ﬃ

"
ﬀ
ﬂ  !"
ﬁ
 
ﬀ
 
ﬀ 
 !"
"
#
"
&
 
& 2
"
#ﬁ 
  !"
&
"
## + ﬀ
ﬃ
ﬁ


"
   ﬁ&
ﬃ

"
ﬁ +$
 ,  
ﬀ < 	 
7

,
  
ﬃ
ﬀ  
#

(
"
&
"
## &ﬀ
 
+
ﬃ "

 
ﬀ  ﬁ
"
&
"

"

"
ﬀ#
ﬃ 
ﬀ +
"
&
ﬃ

"  !"
*ﬀ
"
ﬁ
ﬃ

"  !" "
#
"
&
 
ﬀ

"
%
!"

 !"
$
"
&
!  !"
ﬀﬁ
"

 !"
#

(
"  !"
&
!
(
"
 )
 !  !"
ﬀ
ﬃ 
#$ (
"
#
"
&
 
ﬀ
!
1
"  
ﬀ
 
1
"
#
, 
  &ﬀ
"ﬃ"
&
"

 !""
% ## ﬀ
 
+
"
 
!


) #
"
ﬁ(
"
ﬁ(
" ﬂ
ﬀ
  !"
ﬀﬁ
"
)
ﬃ
#
" ,
0
!"
0 

% ##
!
1
"  
ﬀ %
 
#ﬀ(
" ﬃ

 
# 
ﬃ
  &
"

 
&
!


(
" !
 +
ﬃ
#
 ﬃ
)  %
!
&
!

 #ﬀ(
"  
*
"  !
 
ﬂ  !" "
#
"
&
 
ﬀ %
""
ﬀ
 
ﬁ
ﬃ

" ,

"
&
"

 !""
  #

(
"
ﬁ
""
&
"
+
" 
%
""

 !"
2
  "
ﬁ ﬁ


ﬂ 
ﬁ 
 
&
"
ﬁ
 !"
ﬁ


ﬂ 
ﬁ
 
&
"
ﬁ
" "
* 
"
ﬁ
ﬂ
ﬀ*
 !"
0 

, 6

* ## &
"
## 
 !" "
#
"
&
 
& 2
"
#ﬁ 
 !"
&ﬀ


"
 ﬀ
ﬂ  !"
&
"
##
 "
ﬁ
 
ﬀ +
"

"
(
ﬃ
#

 %
!
&
!

 ﬃ
 #
"
ﬁ
 
ﬀ ) ﬀﬀ

&
!


(
"
&ﬀ##
"
&
 
ﬀ 
  !"
ﬀﬁ
" ,
3 (
ﬃ"

,

4

!
ﬀ% 
 !"
ﬁ
"
)
"
ﬁ
"
&
"
ﬀ
ﬂ "
ﬀ#
ﬃ 
ﬀ ﬀ ﬁ
 
&
" ﬂ
ﬀ*
 !"

"

"
% 
"
%
!"" "
ﬀ#
ﬃ 
ﬀ
!
 +
""
 1
"
(
"
ﬁ ﬀ1
"
 
** %ﬁ
"
ﬁ
 
&
"
+ ﬁ (
"
ﬁ
 !"
ﬀ&
 "
ﬁ *
"
 ﬁ


ﬂ 
ﬁ
 
&
" ,


"
)
"
&
 "
ﬁ 
 !" "
ﬀ#
ﬃ 
ﬀ 
"

  !"

"

"
% 
"

ﬁ


ﬂ 
ﬁ
 
&
"


  
**

ﬁ 
"


 !"
&
"
## + ﬀ
ﬃ
ﬁ

$

ﬁ


ﬂ 
ﬁ 
 
&
"



9
**

 
ﬃ
+
 

 
##$
!
(
!"  !
 
 !"
* ﬁﬁ#
"
)
 
ﬀ
ﬂ  !"
&
"
## %
!"" "
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
  (ﬀﬀﬁ 

 
 ,
 
 
,


* 
"

""


ﬃ
(

"



  



7
 ( 
 
 
9
 
 ,
0
!"
ﬁ
"
)
"
ﬁ
"
&
"
ﬀ
ﬂ "
ﬀ#
ﬃ 
ﬀ
ﬃ
)ﬀ #$
"
% #ﬀ 1
"

 
(
 "
ﬁ  
 !

 
  %
""
&
" 

#$
"
 
!
ﬀ% ( 
 
&##$ ) ﬀﬀ
" "
ﬀ#
ﬃ 
ﬀ
 !
 ﬀ
 !"


0
!"
)#ﬀ
 
 
!
ﬀ%  3(

ﬃ"

,
 
""
*
 
ﬀ ﬁ&
 "  !

  !
 % ﬀ
  !"
&
" ,
0
!"

!
)
"
 ﬀ
ﬂ  !"  !" "
ﬀ#
ﬃ 
ﬀ
 7
4
0 2 4 6 8 10
75
125
175
225
275
0 2 4 6 8 10
50
100
150
200
250
HRS  Ar:CO2:CH4  [89:10:1]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
0 2 4 6 8 10
75
125
175
225
275
0 2 4 6 8 10
63
113
163
213
263
0 2 4 6 8 10
75
125
175
225
275
0 2 4 6 8 10
75
125
175
225
275
0 2 4 6 8 10
75
125
175
225
275
0 2 4 6 8 10
75
125
175
225
275
1800 V
1775 V
1825 V
1850 V
1875 V
1900 V
1925 V
1950 V
Drift Distance  (millimeters)
Sp
at
ia
l R
es
ol
ut
io
n 
 (m
icr
on
s)
     
  
"
ﬀ#
ﬃ 
ﬀ 1
,
ﬁ


ﬂ 
ﬁ
 
&
" ﬂ
ﬀ

## (
"

 "

 "
ﬁ 
 !"
)

ﬀ
 
ﬀ
 
$)
"

 
1

ﬀ
ﬃ
 ﬀﬁ
" !
(
!
1ﬀ#
 
(
"

,
0
!" "
ﬀ#
ﬃ 
ﬀ  )ﬀﬀ
"

 
* ## ﬁ #

(
" 
ﬁ# ﬁ
 
&
"

ﬂ
ﬀ*
 !"

"

"
% 
"
 +
ﬃ 
&
"
&
!
1#
ﬃ"
  (ﬀﬀﬁ 

 
 ,
 
 
,


* 
 !"
* ﬁﬁ#
"
"
(ﬀ ﬀ
ﬂ  !"
&
"
##

ﬃ
( 
"



  



7
 ( 
 
 
9
 
 ,
0
!" "
ﬀ

+


!
1
"
+
""

#
"ﬂ 
ﬀ
 !
 )#ﬀ
 
 ﬀ

ﬁ
"  
ﬀ * '
"

 "

"  
ﬀ
"
ﬁ
,
0$)&#
"
ﬀ

+

 
"
#
"

 !

4
!
,
1
"

ﬃ
 ﬁ


ﬂ 
ﬁ 
 
&
"
&
ﬃ
1
"
 
"
## * #
 "
(

ﬁ#
"
 ﬀ
ﬂ
#$
"
 %
!
&
!
*
"

 !

  !""
 1
"
$ #
  
#
"
ﬁ
"
)
"
ﬁ
"
&
"
ﬀ
ﬂ "
ﬀ#
ﬃ 
ﬀ
ﬃ
)ﬀ #$
"

 !"
)

ﬀ
 
ﬀ
 
$)
"
ﬁ


ﬂ 
&
!
*+
" ,
3 ##$  #
"
 +
"
ﬁ *
" !
ﬀﬁ ﬀ
ﬂ
ﬁ
" "
* ( )
 
#
"
ﬀ#
ﬃ 
ﬀ % &ﬀﬁ
""
ﬁ 
 !"
&
"
ﬀ
ﬂ  !"

"



  



7
 ( * 
 ﬃ" ,  
(
 !"
 
"
2
 

 
&'
 !

 
%
""
ﬁ&
ﬃ

"
ﬁ 
"
&
 
ﬀ
 ,
%
!"" "
ﬁ
ﬃ
# 1#
ﬃ"
 
" ﬂ
ﬀ
ﬃ
ﬁ +$ ﬁ

ﬀ))(
"
&
! !

 

 !"
 
&'   
"
% &#&
ﬃ
#
 
ﬀ ﬀ
ﬂ  !" "
ﬀ#
ﬃ 
ﬀ % )
"ﬂ
ﬀ

*
"
ﬁ
, 
#ﬀ
"
&##
ﬂ
ﬀ*
"
&
 
ﬀ
 ,
 !

  !" "

 
* 
 "

 !"  
&'
"
ﬀ

 ﬁ
" "
* 
"
ﬁ ﬀ  #$
"

+$

#$
"
+
, 6
 ﬀ

ﬁ
"
 
ﬀ ﬀ+
 

 !"
1
"
(
" "
ﬀ#
ﬃ 
ﬀ  
ﬂﬃ
&
 
ﬀ ﬀ
ﬂ
ﬁ


ﬂ 
ﬁ 
 
&
" ﬂ
ﬀ

 )
 
&
ﬃ
#

(
ﬃ
 
 7

0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
0 2 4 6 8 10
0
50
100
150
200
250
Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
Layer 7
Layer 8
Drift Distance  (millimeters)
Sp
at
ia
l R
es
ol
ut
io
n 
 (m
icr
on
s)
      
  
"
ﬀ#
ﬃ 
ﬀ 1
,
ﬁ


ﬂ 
ﬁ 
 
&
" ﬂ
ﬀ
 "
&
!


# #$
"

 !"
)

ﬀ
 
ﬀ
 
$)
"
&
!
*+
"
ﬃ
( 
"



  



7
 ( 
 
 

 
,

ﬃ
*+
"
(
ﬂ
ﬀ*
 !"
+ ﬀ
  
ﬀ* ﬀ
ﬂ  !"
&
!
*+
"

#$
"
 

 !"
#$
"
&#ﬀ
"

  
ﬀ
 !" 6
 %
!
#
"
#$
"


 !" ﬂ

 !"

 
  #$
"

 
4
*'
" ﬃ
)
 !"
2


 

ﬃ
)
"
#$
"
 %
!
#
"
#$
"
 

&ﬀ*)


"  !"

"
&ﬀﬁ 
ﬃ
)
"
#$
" ,  ""
ﬀ #$
"
 
"
ﬀ
 
&#
ﬃ
ﬁ
"
ﬁ 
 !"

ﬃ
*+
"
( &
!"
*
"
 +
"
&
ﬃ

"  !"
$ 
"
ﬀ
 
#$"
"
ﬁ
,
0
!""
 1
"
$
#
  
#
"
ﬁ
""
&
"
+
" 
%
""

 !" "
ﬀ#
ﬃ 
ﬀ )
"
&
 

ﬂ
ﬀ
  !"
ﬁ
""

 
#$
"

, 
* #

)#ﬀ
 


"
ﬀ+
 

"
ﬁ
ﬂ
ﬀ
  !"
ﬀ
 !"
(
"

 "

 "
ﬁ
,
 7

 !"
*
"
 
7
4  ﬀ
ﬂ  !" "
ﬀ#
ﬃ 
ﬀ % &#&
ﬃ
#
 "
ﬁ 
 
 (1
"
 ﬁ


ﬂ 
ﬁ 
 
&
"
ﬀ1
"
##

#$
"

ﬃ

"
ﬁ 
 !"
#$ 

  



	



 
 

	





 



,
 
4
 

%
!""  !"
ﬀ&
 "
ﬁ
"
ﬀ


 !"
+ﬀ1
"
*
"

"
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
 

 










 



 


,
 
4
7

3(
ﬃ"

,
4 
!
ﬀ%   )#ﬀ
 
ﬀ
ﬂ  !"
#
"
 +
"
ﬁ )
 
#
"
ﬀ#
ﬃ 
ﬀ 1
"

ﬃ
 ﬁ


ﬂ 
ﬁ 
 
&
"
&ﬀ*

)

(
"

ﬃ
#
 

ﬂ
ﬀ*
 !"
ﬀ

(#
"
ﬀ#
ﬃ 
ﬀ #$  %
!
&
! !

 
 %
""
ﬀ
 
ﬁ

ﬀ))
"
ﬁ % 
 !
 !" "

ﬃ
#
 

ﬂ
ﬀ*
 !
 
"
% *
" !
ﬀﬁ
,
ﬀ
 
&
"  !

 

 !"
* ﬁﬁ#
" "
(ﬀ ﬀ
ﬂ  !"
&
"
## 
 !"

"
%
"
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
 
"
  (
"

"
#  #(
! 
#$
!
(
!"  !

 !"
ﬀ

(# &#&
ﬃ
#
 
ﬀ  %
!
#
"

"

  !"
ﬀﬁ
"
% 
"
ﬁ 
"

  !"
&
"
## + ﬀ
ﬃ
ﬁ

$
 !"
#
"
 +
"
ﬁ *
" !
ﬀﬁ $ 
"
#ﬁ #ﬀ%
"
"
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"

,
0
!

 "
ﬁ 
"
)
"
&
 "
ﬁ ﬁ
ﬃ"  
ﬀ *ﬀ
"
%
"
(
! 
+
"
( )#&
"
ﬁ ﬀ
!

 

 !

 
!
1
"
&ﬀ
"
) ﬀﬁ( ﬁ


ﬂ 
ﬁ 
 
&
"
 
 !"
* ﬁﬁ#
"
)
 
ﬀ
ﬂ  !"
&
"
##
,  !

 

"

  !"
ﬀﬁ
"
% 
"
ﬀ


"

  !"
&
"
## + ﬀ
ﬃ
ﬁ

$  %
"
(
! "
ﬁ #
"
  ﬁ   &ﬀ
"ﬃ"
&
"

 !"
ﬀ &
 "
ﬁ
"
ﬁ
ﬃ
#  ﬀ
 

"
&
 "
ﬁ 1
"
$ *
ﬃ
&
!
%
!"

 !" !

 
 ﬁ

ﬀ))
"
ﬁ
,
0
!" "

ﬃ
#
 

 !

  !"

"
%
"
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
 
"

  !"
ﬀﬁ
"
ﬁ 
"

  !"
&
"
## + ﬀ
ﬃ
ﬁ

$ 
"
#(
! 
#$ #
"

 !

 !
ﬀ
" ﬂ
ﬀ*
 !"
ﬀ

(# #$ ﬁ
ﬃ"  
ﬀ
 !"

ﬃ
+
 
&
 
ﬀ ﬀ
ﬂ  !" "

 
* 
 "
ﬀ
ﬂ  !"  
&'
"
ﬀ
 ,

!""
  
!

 

 !"
* ﬁﬁ#
"
ﬀ
ﬂ  !"
&
"
##
 "
ﬁ
 
ﬀ )
ﬃ
##
 !"
2
  
ﬀ%

ﬁ 
 

"
#
ﬂ
* ﬀ
"

 
ﬀ(#$  
 !""ﬂ
ﬀ
"
 %
!"
 
 
 ﬁ

ﬀ))
"
ﬁ 
 !" "
ﬁ
ﬃ
# 1#
ﬃ"  
$)&##$ +
"
&ﬀ*
"
 #(
! 
#$
#

(
"
ﬁ &ﬀ
 
+
ﬃ "

 
ﬀ  #

(
"
1#
ﬃ" ﬂ
ﬀ
  !" "
ﬀ#
ﬃ 
ﬀ
,
 7 
0.0 2.0 4.0 6.0 8.0 10.0
Drift Distance  (millimeters)
0
50
100
150
200
Sp
at
ia
l R
es
ol
ut
io
n 
 (m
icr
on
s)
hits not dropped (original analysis)
hits dropped (less biased analysis)
     
  
"
ﬀ#
ﬃ 
ﬀ 1
,
ﬁ


ﬂ 
ﬁ 
 
&
"
1
"
(
"
ﬁ ﬀ1
"
## #$
"
 
 !"
)

ﬀ
 
ﬀ
 
$)
"
&
!
*+
" ﬃ
( 
"



  



7
 ( 
 
 

 
*'(
ﬃ

"
ﬀ
ﬂ  !"
#
"
 +
"
ﬁ
"
ﬁ
ﬃ
#
ﬀ+
 

"
ﬁ
ﬂ
ﬀ* ﬁ

ﬀ))(
!

 
 
 ﬃ
 ﬁ
"
2
  
(
 !"  
&'
,

"

"
##$
 !" ﬃ
+
"
ﬁ
*
" !
ﬀﬁ (1
"
 #(
! 
#$
!
(
!" "
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
 
 !"
* ﬁﬁ#
"
)
 
ﬀ
ﬂ  !"
&
"
##  %
!
#
"
)

ﬀ1ﬁ( #(
! 
#$ #ﬀ%
" "
ﬀ#
ﬃ 
ﬀ 1#
ﬃ"
 
"

  !"
ﬀﬁ
"
% 
"
ﬁ &
"
## + ﬀ
ﬃ
ﬁ

$
,
   


 
6
 ﬀ

ﬁ
"  
ﬀ * * "
"
*
ﬃ
#
 
)#
"
&
  "
( 
 !"
ﬁ
"
( ﬀ
ﬂ  !"
ﬁ


ﬂ 
&
!
*+
" ﬂ
ﬀ
  !"

ﬁ
" "
&
 
ﬀ
 !
 +
""
 (
ﬃ
ﬁ
"
ﬁ
 !
ﬀ
ﬃ
(
!
ﬀ
ﬃ 

 
 ﬁ
"
1
"
#ﬀ)*
"

 
+$
 !"

""
ﬁ
 
ﬀ
"
ﬁ
ﬃ
&
"  !"
*ﬀ
ﬃ

 
ﬀ
ﬂ
* 
 "
#
ﬃ

"
ﬁ
,
0
!"

ﬃ"
ﬀ
ﬂ
 #ﬀ% *  &
!
*+
" !
 #
"
ﬁ
 !"
ﬁ


ﬂ 
&
!
*+
"
(

ﬀ
ﬃ
)
 
ﬀ &ﬀﬁ
" !"
#
ﬃ
*

+
"
ﬁ (
"
   #
 "

 
1
"  
ﬀ
 !"
*ﬀ
"  
ﬁ
 
ﬀ# 

(ﬀ

+
"
ﬁ
( * 
  ﬃ"

ﬃ

"
ﬁ )
"
1ﬀ
ﬃ
#$  * $ ﬁ


ﬂ 
&
!
*+
"

,  ﬂﬃ
##

#
"
(
 !
)

ﬀ
 
ﬀ
 
$)
"
ﬁ


ﬂ 
&
!
*+
"
% &ﬀ
 ﬃ
&
 "
ﬁ 
 



ﬀ
 !

  !"
1+#
 
$ ﬀ
ﬂ !"
#
ﬃ
*   ﬁ


ﬂ 
&
!
*+
"
( * (
! 
+
"  "

 "
ﬁ
,
0
!" ﬂ
ﬀ&
ﬃ
 ﬀ
ﬂ  !

 !"

!
 +
""

 
ﬀ
"
* 
"  !"
)
"ﬂ
ﬀ

* &
"
ﬀ
ﬂ
1

ﬀ
ﬃ

!"
#
ﬃ
* ( * 
  ﬃ"
 ﬁ &ﬀ*)
"  !
ﬀ
" "

ﬃ
#
 

 
ﬀ
 !"
1#
ﬃ"
 ﬀ+
 

"
ﬁ
ﬂ
ﬀ



(ﬀ

+
"
ﬁ ( * 
 ﬃ"

,
  	  / 	 	/
6
 ﬀ

ﬁ
"  
ﬀ &ﬀ*)
"
##
ﬂ
ﬀ
ﬃ
( * 
 ﬃ"
 )

ﬀ)
"
#$
 !" !
(
!
1ﬀ#
 
(
" "
(ﬀ %
!"" "
&
!
( )
"ﬂ
ﬀ

*  +
"

 
*
ﬃ

 
2


 
+
"
ﬁ
"

 
2
"
ﬁ
,
&
"  !

 
 ﬁﬀ
"

 !" "
#
 
1
"
*
"

 
 ﬀ
ﬂ
"
&
!
( 
 
 &
" 

"
  &
"
&$ ﬁ
"
ﬀ#
ﬃ 
ﬀ &
 !"
 +
"
&ﬀ*)
"
ﬁ ﬁ
 !"
&
!
ﬀ&
" ﬂ
ﬀ

+
"

 
( & +
"
*ﬁ
" ,
0
!"
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
"
% &
!
ﬀ
"
 +
"
ﬁ ﬀ
 
%ﬀ &


 "
 
 &
!
*+
" "
  &
"
&$
ﬁ &
"
## )
 
#
"
ﬀ#
ﬃ 
ﬀ
,
0
!""
% ﬀ
!


ﬁ ﬁ
ﬂ

 
%$
 
ﬀ ﬁﬀ
 !

"
&
"
)
 
* '
"


ﬃ
ﬁ(*
"

 
+
"
ﬁ ﬀ %
"
(
!
(
 !"  
%ﬀ
ﬂ
&
 
ﬀ


,
0
!"
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
" "
(ﬀ &
!
ﬀ
"


" ﬃ
ﬀ
 "
ﬁ  0+#
"
9
,
+
"
#ﬀ%
,
 7
 7
9
        
	 
       
   

 


 



 


 

9 

 


 

  
,
9

99 

,


 
4
,
7

 
,
 

"



 


  

 

 


 

   


,
9
 


,
  
9
 


,
 
7
,
4

"



  



7

 

 
,
9
 
4
 


,


  
,
7


,
 

"




  
 




 
9
7


,
9
  


,
  

,
 
 
,
7

     
 0+#
"
ﬀ
ﬂ "

ﬃ
#
 
 ﬁ&
 
(
 !"
ﬀ)
 
*
ﬃ
* ﬀ)
"

 
(
!
(
!
1ﬀ#
 
(
" ﬂ
ﬀ
 "
&
!
ﬀ
ﬂ
 !" ﬂ
ﬀ
ﬃ
( * 
 ﬃ"

 "

 "
ﬁ 
 !"
)

ﬀ
 
ﬀ
 
$)
"
ﬁ


ﬂ 
&
!
*+
" ,
0+#
"
9
,

!
ﬀ% 
 !

 

"




  
 



 (
!

 !"
+
"

 "
  &
"
&$ &#ﬀ
"
#$
ﬂ
ﬀ##ﬀ%
"
ﬁ +$
 !"

"



  



7
 ( * 
 ﬃ"  
%
!""
 
"



  



7
 (
!

 !"
+
"

 
)
 
#
"
ﬀ#
ﬃ 
ﬀ  % 
 !

"




  
 



 +
"
( 1
"
$ &ﬀ*)

+#
" ,
 
 ! "
)
"
&
  
ﬀ
"
  &
"
&$
 !"


(ﬀ

+
"
ﬁ ( )
"ﬂ
ﬀ

*
"
ﬁ
"
ﬀ+#$ %
"
##  +
ﬃ 
%
 !"
)ﬀﬀ
"

 
ﬀ
ﬂ
## (
"
 % 
 !
"
(

ﬁ
 
ﬀ )
 
#
"
ﬀ#
ﬃ 
ﬀ
,
0
!"
)
"
&
"

 
(
"
ﬁ
""
&
"

"
  &
"
&$ +
" 
%
""
 
"




 

 



 ( ﬁ 
"



  



7
  ﬀ#$

,

!  +
ﬃ 
 ﬀ
 !"
ﬀ
 !" !
ﬁ 
 !"
)
"
&
"

 
(
"
ﬁ
""
&
"

"
ﬀ#
ﬃ 
ﬀ +
" 
%
""

 !
ﬀ
"  
%ﬀ ( * 
 ﬃ"
 
4
,
!
,
ﬀ%
"
1
"
 &
"  !"
ﬁ
"
1 
 
ﬀ 
"
  &
"
&$ 
" "
)
"
&
 "
ﬁ
 
ﬀ +
"
* ##
"  !

 !
ﬀ
" ﬂ
ﬀ
 "
ﬀ#
ﬃ 
ﬀ 
 !"

"
1#
ﬃ"


"
ﬀ
 
 (ﬀﬀﬁ ﬁ&
 
ﬀ ﬀ
ﬂ  !"
+
"

 
( * 
 ﬃ" ,

ﬀﬁ
"
ﬀ%
 !"
)#ﬀ
 
ﬀ
ﬂ "
  &
"
&$ 1
"

ﬃ


ﬁ
ﬃ
 
  !"
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
" ﬂ
ﬀ

"
&
!
(
, 6 
%
"
1ﬁ
"

 ﬂ
ﬀ* 0+#
"
9
,  !

 

"




  
 



 (
!
ﬁ
 !"
+
"

 
1
"
(
"
"
  &
"
&$ +
ﬃ ﬂ
ﬀ* 3(
ﬃ"
9
,

 

 
 &#
"

  !

 

"




  
 



 (
!
  1
"
$
!
(
!
&ﬀ
 

 "
  &
"
&$
"
(ﬀ ﬀ1
"
*ﬀ
 
ﬀ
ﬂ  !"
&
"
## 1ﬀ#
ﬃ
*
" ,
6 
%
"
1ﬁ
"

 ﬂ
ﬀ* 0+#
"
9
,  !

 

"




  
 



 (
!
ﬁ
 !"
+
"

 
1
"
(
" "ﬂ

2&
"
&$ +
ﬃ ﬂ
ﬀ* 3(
ﬃ"
9
,

 

 
 &#
"

  !

 

"




  
 



 (
!
  1
"
$
!
(
!
&ﬀ
 

 "
  &
"
&$
"
(ﬀ ﬀ1
"
*ﬀ
 
ﬀ
ﬂ  !"
&
"
## 1ﬀ#
ﬃ
*
" ,

"  
 &ﬀﬁ
"
 )#ﬀ
 
ﬀ
ﬂ "
ﬀ#
ﬃ 
ﬀ 1
"

ﬃ
 ﬁ


ﬂ 
ﬁ
 
&
"

 
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
"

 

0 2 4 6 8 10
0.85
0.90
0.95
1.00
LoZ1  He:CO2:i-C4H10  [83:10:7]   1775 V
0 2 4 6 8 10
0.85
0.90
0.95
1.00
HRS  Ar:CO2:CH4  [89:10:1]  1800 V
0 2 4 6 8 10
0.85
0.90
0.95
1.00
LoZ3  He:C3H8  [70:30]   1925 V
0 2 4 6 8 10
0.85
0.90
0.95
1.00
LoZ2  He:i-C4H10  [80:20]   1850 V
Radius  (millimeters)
Ef
fic
ie
nc
y
     	 
    &
"
&$ 1
,
ﬁ


ﬂ 
ﬁ 
 
&
"

  !"
ﬀ)
 
*
ﬃ
* ﬀ)
"

 
(
!
(
!
1ﬀ#
 
(
" ﬂ
ﬀ

"
&
!
(
,
ﬀ
 
&
"  !

 

"




  
 



 (
!

 !" !
(
!"

 "
  &
"
&$ ﬀ1
"
## ﬁ  1
"
$
&ﬀ
 

 "
  &
"
&$
"
(ﬀ ﬀ1
"
*ﬀ
 
ﬀ
ﬂ  !"
&
"
## 1ﬀ#
ﬃ
*
" ,

!
ﬀ%  3(
ﬃ"
9
,


,

"



  



7
 ( (1
"
 )
 
#
"
ﬀ#
ﬃ 
ﬀ ﬀ
ﬂ ﬃ
ﬁ
"
 
*
ﬀ1
"
4
,
 ** ﬀ
ﬂ  !"
* ﬁﬁ#
"
)
 
ﬀ
ﬂ  !"
&
"
##  %
!""
 
 !"  



 


 

9


 


 
 ﬁ

"



 


  

 

 


 
 ( * 
  ﬃ"
 
"
1
" ﬂ
## +
"
#ﬀ%
 
* 
 
$ )ﬀ
 

 !"
&
"
##
,
0
!"
+ﬀ#
ﬃ "
* *
ﬃ
* )
 
#
"
ﬀ#
ﬃ 
ﬀ ﬀ)
"

 
( 
  !"
ﬀ)
 
*
ﬃ
*
!
(
!
1ﬀ#
 
(
"
ﬂ
ﬀ
 "
&
!
(
 !

 
% *
"

ﬃ"
ﬁ %

  
,
 
 
,


*
ﬂ
ﬀ


"



  



7

 

"




 

 



 ( % &ﬀ*)

+#
"
% 
 !
 * *
ﬃ
*
"
ﬀ#
ﬃ 
ﬀ ﬀ
ﬂ



,
 
 
,
 

*  +
ﬃ 

 
ﬁﬀ
"

ﬀ
 ﬃ

 " !
ﬀ#ﬁ
 !" 

 
)#
 "

ﬃ  !

 

"



  



7
 ﬁﬀ
"

,
 
 
0.0 2.0 4.0 6.0 8.0
Drift Distance  (millimeters)
0
50
100
150
200
250
Sp
at
ia
l R
es
ol
ut
io
n 
 (m
icr
on
s)
 
HRS    Ar:CO2:CH4 [89:10:1]      1800 V
LoZ1  He:CO2:i-C4H10 [83:10:7]      1775 V
LoZ2  He:i-C4H10 [80:20]      1850 V
LoZ3  He:C3H8  [70:30]      1925 V
      
  
"
ﬀ#
ﬃ 
ﬀ 1
,
ﬁ


ﬂ 
ﬁ 
 
&
"

  !"
ﬀ)
 
*
ﬃ
* ﬀ)
"

 
(
!
(
!
1ﬀ#
 
(
" ﬂ
ﬀ

"
&
!
(
,
ﬀ
 
&
"  !

  !"

"



  



7
 ( * 
  ﬃ"
* 
 
  #ﬀ%
"
ﬀ#
ﬃ 
ﬀ
)#
 "

ﬃ
ﬀ1
"
 #

(
" ﬂ
&
 
ﬀ ﬀ
ﬂ  !"
&
"
## 
"

,
   .	  	

ﬀ+ #
" ﬂﬃ ﬃ" !"
#
ﬃ
*

+
"
ﬁ ( * 
 ﬃ"

 !

 
* (
! 
+
"
&ﬀﬁ
""
ﬁ &#
ﬃ
ﬁ
"

"



3  



  



 


 
 (  ﬀ

ﬁ
"  
ﬀ
 "

  !" ﬃ"
&
!
( +#
 
$ ﬀ
ﬂ

3  ﬁ 
"



  





,
3
ﬃ !"
* ﬀ
"
 
 !"
)

( ﬀ
ﬂ
 
99

  
"
&ﬀﬁ
ﬂﬃ
##

#
"
(
 !
)

ﬀ
 
ﬀ
 
$)
"
&
!
*+
"
% ## +
"
+
ﬃ
#
 , 6 
% ## +
"
&ﬀ
 ﬃ
&
 "
ﬁ
ﬃ
(  #
ﬃ
* 
ﬃ
*
"
ﬁ)#
 "

 !"
+&'%

ﬁ ﬁ
"
&
 
ﬀ
ﬁ  &

+ﬀ

2+
" "
ﬁ)#
 "

 !" ﬂ
ﬀ

%

ﬁ ﬁ
"
&
 
ﬀ  
"
% &

*)


 
$ #
" ﬂ""
ﬁ
 !
ﬀ
ﬃ
(
!
 
ﬁ (ﬀ#ﬁ

)#
 "
ﬁ #
ﬃ
* 
ﬃ
* &
 !
ﬀﬁ
"
% 
"

"
)#&(
 !" ﬃ
)#
 "
ﬁ #
ﬃ
* 
ﬃ
* % 
"

 !

 
%
"" ﬃ

"
ﬁ 
 !"
2


 
)

ﬀ
 
ﬀ
 
$)
" ,
0
!"
&
"
## 
!
)
" ﬂ
ﬀ
  !"

"
% )

ﬀ
 
ﬀ
 
$)
"
% ## #ﬀ +
"
!"
(ﬀ#  +
ﬃ 
% 
 !
 #(
! 
#$ ﬁ
""

 

 
ﬀ ﬀ
ﬂ
ﬀﬁ
"  
ﬀ &
 !
ﬀﬁ
"
% 
"

,
 
7
 -  	 	
6
 &ﬀ&#
ﬃ
ﬀ  
 
& +
"

 

 "
ﬁ
ﬃ

 "
&#
"


#$
 !

 !"
#
ﬃ
*

+
"
ﬁ (
"

!
1
"
+
""
 
!
ﬀ%
 
ﬀ +
"
 1+#
"
#
 "

 
1
"  
ﬀ 

(ﬀ

+
"
ﬁ (
"
 
"
1
"
 )
"ﬂ
ﬀ

* ( 
ﬃ
+
 

 
##$ +
"  "
 !
 

(ﬀ

+
"
ﬁ ( * 
 ﬃ"
 &&ﬀ

ﬁ(
 
ﬀ
 !"
&


 "

ﬃ

"
ﬁ
,

ﬂ  !" ﬂ
ﬀ
ﬃ
(
"

 "

 "
ﬁ 
 !"

"



  



7
 *
 ﬃ"
% &
!
ﬀ
"

 
ﬀ +
"  !"
+
"

 
&&ﬀ

ﬁ(
 
ﬀ
 !" "
ﬀ#
ﬃ 
ﬀ &


 "
ﬀ ﬀ
ﬃ 
#
"
ﬁ +ﬀ1
"
 %
!
#
"

"




  
 



 % 
!
ﬀ%
 
ﬀ +
"  !"
+
"

 
( * 
 ﬃ"
% 
 ! "
(

ﬁ
 
ﬀ
 !" "
  &
"
&$ &


 "
ﬀ
,
0ﬀ &
!
ﬀ
"
+
" 
%
""

 !"

"  
%ﬀ  ﬀ

ﬁ
"  
ﬀ )&' ﬀ
"
( 
 !"
+
"

 
ﬀ1
"
##  ﬁ   &
ﬃ
#
 ,
3&
 
ﬀ


 !

 
%
""
ﬀ
 
ﬁﬁ
"

"
ﬁ +$
 !
 
 ﬃ
ﬁ$ *$ 
 !" ﬂﬃ ﬃ"
##ﬀ%
ﬂ
ﬀ

 ﬁ
"
2
 
1
"
&
!
ﬀ&
"  
ﬀ +
"
* ﬁ
" , ﬃ
&
!
ﬂ
&
 
ﬀ

 &#
ﬃ
ﬁ
"  !" "

"
&
 
 ﬁ
ﬃ"  
ﬀ ( (( ﬁ  &ﬀ*)

ﬀ ﬀ
ﬂ
)
 
&#
"
ﬁ
"

 
2&
 
ﬀ
+
"
ﬁ ﬀ
 !" "

"
($ #ﬀ
"
ﬀ#
ﬃ 
ﬀ 

 



ﬂ
ﬀ
  !"
1

ﬀ
ﬃ
 (
"

,
 



	
 

 , , 
'
!


ﬀ1   

$ﬀ $**
" 
$ ﬀ
ﬂ  !" ﬃ
1
"

"
          



 
99
 
 ,
	
7


 
&#
" 

 
 

ﬀ
ﬃ
)  
, 5
ﬀ
 

" 
< 	  	
:
  ﬀ 
   


 
994
 ,
	




,ﬁ , ﬂﬃ
   
ﬃ 
1ﬀ#
 
ﬀ   )
!
$&!  ﬀ1
"
1
"
%   " #< $ %   <<


<  & < ' &	<(  << '   




4


 
99
7
 ,
	
4


0
, ,

""
ﬁ

,) , *
( 
 
ﬂﬃ"

 
ﬀ ﬀ
ﬂ
)


 
$ &ﬀ
"
1
 
ﬀ  %
"
' 
 "
&
 
ﬀ 
 	
:
   
7

4

 
9

 ,
	




, ,

ﬃ
< 	
 
 

)
"
*
"

 
#
 "

 
ﬀ
ﬂ
)


 
$ &ﬀ
"
1
 
ﬀ  +
" 
 ﬁ
"
&$  	
:
  ﬀ 
 
4
 


 
9

 
 ,
	


 +
,

,

!

 "
ﬀ 
+
,

,


ﬀ 

,

,
3 
 
&
!
ﬁ
ﬁ ,
0
ﬃ
#$
 
 1 ﬁ
"
&
" ﬂ
ﬀ
  !"
7,
ﬁ
"
&$ ﬀ
ﬂ  !" -


*
"
ﬀ   	
:
 .<<     
 
/

 
9

4
 ,
	
 

 ,


0
 !
  1' <; <' < 2 	3 ' <  <	   #
"
$ 4

ﬀ 
 
9
/
 
,
	
/



,
ﬀ#
ﬂ"

 "
 
 

"

"

 

 

 ﬃ
 ﬀ
ﬂ ﬃ 
1 ﬀ#
 
ﬀ  &'';	
:
 
 5
; 	 '
 <	  '  6 
 

 

 
9
/
 ,
	
9


* , )


ﬁ 
,ﬁ , ﬂﬃ
 
 
ﬃ 
1ﬀ#
 
ﬀ   )
!
$&  &'';	
:
 
 5
; 	
'  <	  ' 7 
7  

 
99
7
 ,
	
 


,ﬁ ,

ﬃ
&
!

 
   < ' & 33 < 2' 
8
 " 9 ' #<  
 
&#
"

!
$&

0
!"
3&
 
ﬀ

$  

 
 '
"
ﬀ
ﬃ

"

ﬀ
ﬂ""
&
"
)

ﬀ&
""
ﬁ(  
, ,

*)+
"
## 
 ,) , :
*
"
#  
, :

 
&
!
(  3
,

, :!
   ﬁ
,
 ﬀ

#ﬁ

&
"

 
2& 
 
99
 
,
	
  
 +
,

, ﬁ
ﬀ
"
   ' < ' #;<; &  < 
 ﬃ  ;
	<' 

% 
"
&
ﬃ
**
" 
&
!
ﬀﬀ#


ﬀ &
""
ﬁ( 
 
 
&#
"
 ﬁ 3
"
#ﬁ  ﬀ

#ﬁ

&
"

 
2& 
 
99

,
	
 7

ﬁ ,

,
 + ﬀ<  1' <; < =;' <;3 9 '   
"
&ﬀﬁ
"
ﬁ
 
ﬀ 

ﬁﬁﬀ


"
#
"
$

 
99
7
 ,
	
 



ﬁ ,

,

!ﬃ
&
!
## ﬁ
+
,

,


ﬁ  >3 	?
;
@	 ' & 	<'  2
ﬂ ! "
ﬁ
 
ﬀ 
5
&

%

 ## 
 
99

,
	
 
4


0
!" ABABC

ﬀ##+ ﬀ


 
ﬀ 
ABABC
%' 	   
8
'
:
 <




ﬁ

9


4

 

 
99

 ,
 

 4
	
 




,
ﬁﬁﬀ
"
  

ﬀ &
""
ﬁ( ﬀ
ﬂ  !"  



ﬀ

'
!
ﬀ) 
  
"



ﬀ##ﬁ
"
  3&
 
ﬀ

$

ﬀ&
"
)
 ﬃ
#
 "
( 
 ,  
ﬀ

'   ﬁ
,
 ﬀ

#ﬁ

&
"

 
2& 
 
9/
 
,
	
 




,ﬁ ,

"
ﬀ  %'  ; 


5
; 	 '  <	   2? 3 ' < 

)

(
"


"
#( 
 
99
7
,
	
  

ﬁ ,

,

"

 
ﬁ
 ,5 , "
#+$  ﬁ
,
 >
:
>  '@ 

> 3 < '   
ﬂ
ﬀ
 
$

"
(
!  ! "
ﬁ
 
ﬀ  0
!"

!"
* &#
ﬁﬃ
++
"

ﬀ*)$
 
9

 
,
	
 
/



, ﬁ
&
"

 1  (  <3 (   <'	 '  

< >3@  0
!" ﬁ
&
!"
#
"ﬃ

"
  ﬀﬁﬀ 
 
9
 
4
,
	
 
9



,

!


)'   
 

ﬂ 

!
*+
"
 

 
ﬁ)

 
4

 

7 

 
9
 
4
 ,
	
7

 ,  
ﬀ  < 	
 
 ﬃ
ﬁ$ ﬀ
ﬂ
 ﬁ


ﬂ 
&
!
*+
"
2 ##
"
ﬁ % 
 !

!"
#
ﬃ
*

" !

"
* 
 ﬃ"
 
5
; 	 1'<;3 ' < ' 9 <  '  
:
      
 
 
99

 ,
	
7 

0
!" ABABC

ﬀ##+ ﬀ


 
ﬀ  .<< 

1' <' <

 <   <; 
 ﬃ  ;
	<' '
  # 	   < 2 11 




44


 
994
 ,
	
77


,
3
, :ﬃ
  
,

,
ﬀ

ﬁ  %  > <  < 9 '
8
3 ' < <3 





 


9



 
99
7
 ,
	
7




,ﬁ ,

ﬃ
&
!

 " 
#
,

 

"
#
ﬃ
* ( * 
 ﬃ"
  ﬁ


ﬂ 
&
!
*+
"
 
5
; 	 1'<;3 ' <
' 9 <  '  
:
     6 
7  

 
99
7
 ,
	
7
4



,ﬁ ,

"
1(
 
ﬀ   <
:
; <' ' 2  &'	 

 <   	  ' 
5
&

%

 ## 
 
9

9
,
	
7




, 
1
"
$ & 	 # <<'
8
%  1 $ ' 	 .<   ; %  

 
6

 "
#
)
ﬀ
 "




9
 

 7

 
99
 
 ,
	
7




, 
1
"
$ & 	 # <<'
8
%  1
;
$ #3 ;	

 % # <<'
8


 
6

 "
#
)
ﬀ
 "




9
7

4
 
 
99
7
 ,
	
7 


 
ﬁ)
 91
5
1 % #;'<' 9 ' 3 	<' ' 2  &'	  

 
ﬁ)


ﬀ(

*
 +



$  
 
$ 
 ﬀ6 
 
99
7
,
         
  	
	

 





 

"
#%   &*)#
" "
#
 

 !"
4//
ABABC
& ##+  
5
&
!
 
99

%
!"

!"
%

' ﬀ 
ﬁ

8
'
:

 ﬂﬃ< % )+  !"#
,
0!"$ ")""

 // ")" 



 *
 
&

"   1" !" % #
,
&' ' (()*+ , --./0 12.1 34.56 7 89:-/.
 ;
<

$
* ; :
$= 
 ;
""

ﬁ
"  
;
">
?@@ + AB C( D  E F F(D G ( HIJ KF D  E F +
A
:94 7 L M:20

;
 1

<"  
 ;
 


E
N
( OPFII

IF)Q ?(IJ JJ +
A
.4
R
4-S 7 TU4-:
V ;

!"


* ;W ;


<  X
; Y
"

?(IJZJ[J\ C]  Z^Q _ (\`^* ' Q*IZ)I +
A
.4
R
4-S 7 TU4-:
* ;) ; V
 a b
;

;


a b
; ; c
 a
) ; ; ﬂ
 a
Y ;V ; *


a d
;
d
; e
!

< a
Y ;ﬁ ; e
! a
* ; ; e
!
G (ZH\`IZJ* C] E `ZIJCP +
A
94f Mg27 hi
) ; 
$j" a 
; k
" a
ﬁ ; ; V
 l " a d
;
+
; ; c
<#
G (ZH\`IZJ* C] E \`^\( +
A
.9S .- 7 m g9n:0
V ;
  <"

op

op 
G (ZH\`IZJ* C] E `ZJZIQ CP[ ZF + 3:-/g5.9 7
A
94 M4fU Tg254: 7 T:-::
d
; V
#"

<! a d
;
b"$a
+
;
b "" a
+
; ; c
j
:
"


E `[(\P G (ZH\`IZJ*+ 	 g-g- 7 hi
W ;
d!l >

a
 ;
b 

a
 ;: ; c
j
:
"l "$
E [D
\` ?(IJZJ[J\ C] @ [)P\F` ' Q*IZ)I + m ggf449f 7  5ff4:
 ;ﬁ ;
$=" a 
;) ; V
  " a 
;) ; 


j!"

= a
 ;V ; :
 l "

= a  
; ; :
j!"

= a
V ;c ; :
 j!" a
 ;

;
X

j!

a 
; ;




a
 ; ; 
""#

$= a
 ;V ; 
!l  a
*

; ; 
=>"

a 
; ; W
" 


FPZ]C`(ZF ?(IJZJ[J\ C] \)Q(CPC^*+ :f:.-: 7 T:24g9-4: 7 h,
 ;V ;
b  

a
+
;
X$

< a
k ;
d
;
" a
c ; Y
"" a
 ;
+
; Y
"

"

a
ﬁ ; e
!
G (ZH\`IZJ* C] FPZ]C`( ZF + 
 FH ZI +  :4f 7 T:24g9-4: 7 h,
k ; ﬁ
"
G (ZH\`IZJ* C] FPZ]C`( ZF + ??' + 	: g22: 7 T:24g9-4: 7 h,
 ;c ;
  

" a
c ; 
  

a
Y ;
"



a
* ;


; Y


<
G (ZH\`IZJ* C] FPZ]C`( ZF + ?`H Z(\ + L94- .7 T:24g9-4: 7 h,
: ; V
  % " a
 ;


=# a
c ; c


#" ="

a
V ; c
j
V
! a
+
; 
j!  a
 ; 
=" a
V ; e
 
G (ZH\`IZJ* C] FPZ]C`( ZF + &CI (^\P\I + 	 gf , -S.2.f 7 T:24g9-4: 7 h,
: ; 
= a d
;
j!



a
+
; :
 j a
Y ; 
 "
G (ZH\`IZJ* C] FPZ]C`( ZF + AF( 
 Z\^C 	: g22: 7 T:24g9-4: 7 h,

; 
!l 
G (ZH\`IZJ* C] FPZ]C`( ZF + AF(JF E F`F`F + :- M:
A
:9:9: 7 T:24g9-4: 7 h,
 ;
" a
 ;
d #%"  a
 ;
 a b
; )
" 

a
+
; ﬁ
j!l 

a
 ; ﬁ
 " a
c ; Y
!""  a
op 
 ; *
"  

G (ZH\`IZJ* C] FPZ]C`( ZF + AF(JF `[B + :- M: T9 5 7 T:24g9-4: 7 h,
+
; 
"
Y
 a
 ; 


a
 ; ; V
   a d
;
b"j! a
ﬁ ;

;
+
!



a  
; :
!<

a
 ; :
!<

a
Y ; :
 "<" a
Y ;
 j=l 

a
: ;
X 

!<!

"$a b
; 
# 

= a
 ; 
"#"

a
 
; 
>"

j"
F`P\JC( G (ZH\`IZJ* F(D ' '  +  MM:n: 7 - M:94g7 T:-::
: ;
 #%# a
 ; :
 "

a
c ;
X 
)
"  
G (ZH\`IZJ* C]  Z()Z((FJZ + T4- /4--: M47 U4g7 h,
 ; 
"l  a 
;W ; c
"#%  a
 ;: ; ; 


! a
c ; ; 
= <
G (ZH\`IZJ* C] CPC`FDC +
A
g52.9 7 Tg2g9:g7 h,
 ;
=" a 
;
 l " a  
;
  # a
Y ; k
# a 
; )
"

 "< a b
;
= a 
; ﬁ


=

a
+
; ﬁ
$a
+
;V ; 
l !
CPC`FDC AJFJ\ G (ZH\`IZJ*+ 8g9 M Tg224-f 7 Tg2g9:g7 h,
+
;
b 

a
ﬁ ; c
 j!% a
c ; 
l$a b
; 
"

< " a
Y ; W
= a
 ; Y


" a
ﬁ ; Y
 

\)Q(ZI)Q\ G (ZH\`IZJFJ 
 `\ID\( + ?(IJZJ[J ] [`  \`( [(D \ZP)Q\(	Q*IZ
 +
 9.f.- 7 
.9 :-0
+
;
 " a
V ; 
! 

<" a 
; 
j="

a
: ;ﬁ ; 
j! " a
ﬁ ; 
j!% " a
ﬁ ; 
" a
ﬁ ; Y
 #
CZ(J ?(IJZJ[J\ ]C` @ [)P\F`  \I\F`)Q +  5-: 7  5ff4:
 ;


= a
 ;


 a
 ;
$= a
V ;
d!" = a 
; 
#

 a
*

; V


!=

a
c ; 
<

"

= a
) ; :
!

=$a
e ; :
l "

a 
; c
 $!" a
c ; )
= "

= a
 ; )
#

a
*

; 
"#$=! a
 ; 
=

a
e ; 
 <#" a 
; W
=l "



a
*

; *


"

=
G (ZH\`IZJ* C] _ DZ([`^Q + 4-59SU 7 hi
: ;
"j! a
 ; Y
 ="
op
/
?@ @ + A\BZC(\ DZ  \``F`F + 8.99:9: 7 L M:20

;
 "l 

""
&FC`FJC`Z @ FBZC(FPZ D Z  `FI)FJZ D\PP  ?@ @ + 89:f/: M4 7 L M:20
ﬁ ;
 #

 a
 ;
d j" a
ﬁ ; 
"



< a
 ;
"   


;
"< a
c ;
 jj  a
 ; e
  
?@ @ + A\BZC(\ DZ O\(CHF F(D G (ZH\`IZJ KF DZ O\(CHF + 
.- g:7 L M:20
 ;
 a
ﬁ ;
d

 a
V ;
d" a 
; k
j" a
 ; k




a
ﬁ ; c


<" a
c ;
X  j"" a
ﬁ ;
# a
 ;
<< a d
;
<



 a
c ;V ;
  a d
; 
  a
 ; 





G (ZH\`IZJ* C] ?CF + Lgn: T4 M07 Lgn: 7 h,

; c
  = a
 ; c
jd l "

 a
c ;

e ; Y


<
?CF AJFJ\ G (ZH\`IZJ*+ , .f 7 Lgn: 7 h,
b
;

;
d%  "$a
 ; k
"

" a
+
;Y ;
l  a
ﬁ ; c
j
:
$a
Y ;W ; c
"$" a
 ; ; ﬁ
"

 "<
@ C`JQ\`(  \(J[)
* G (ZH\`IZJ*+  4SU2:-  .4SU Mf 7 i .- M5/07 h,
c ; k
  

:
"

=" 
G (ZH\`IZJ* C] &F()FIJ\` + 	:-/:f M.9 7 hi
d
;: ;
% #"$a
 ;
+
; k


j! a
k ; k
"
&F `\()\ E \`
\P\* &FC`FJC`*+
A
.9.2.07 T:24g9-4: 7 h,
V ; ; 
l  a
 ;
 %

a
W ;
d  

 a d
;W ; 
$a
 ;k ; 
% a
k ; V
"

a
ﬁ ;
+
j"

a
ﬁ ;
d
;
+
"# a
+
; :
#$= a 
;W ; :
"! a
 ; :
>

 a
+
;k ; :
 a
ﬁ ;
"" a
ﬁ ;
"" a
c ;
"  a

;
 a
V ;ﬁ ;
$

j! a
c ; c
l $"  a
c ; )
$l 

a 
;
+
;
X##

" a
Y ;

;
>" a
c ;
 >"

a
 ;ﬁ ; ﬂ
" a
+
; ﬁ


a
) ; ; ﬁ
 " a
c ;W ; ﬁ




a
Y ; ; Y
"

" a
 ; Y


#="
&F `\()\ & ZH\` C`\ @ FJZC(FP &FC`FJC`*+ 	 4.9 g9.7 T:24g9-4: 7 h,
X
; 
 # a
+
;
 "< a
ﬁ ;c ;
 

 a
 ;
 = a
k ; ; 
"j! a X
; ; k
j= " a
op 
c ;) ; :
" " a
c ; ;
 =

# a
c ;
+
; c
<<" a
W ;
X d

 a 
;
"# a 
; 
! a
Y ; 
 " a
: ;


  " a
W ;
+
; Y
"

 a
 ;c ; Y
<! a d
;ﬁ ; Y
" a
ﬁ ;c ; *
l l 
G (ZH\`IZJ* C] & ZH\`	C CP+ 	 4.9 gg2 7 hi
+
;ﬁ ; k
$a
 ; V
! " a
ﬁ ; V
l " a
 ; c
 a 
; 


#"
G (ZH\`IZJ* C] &C(DC( + ?	 \`ZF P CPP\^\ C] A)Z\()\ + \)Q(CPC^* F(D
 \DZ)Z(\ + 	 g-g- 7 hi

; 




a
 ; 


" a 
; c


" a
+
; )
! a
 ;
 j"
G (ZH\`IZJ* C] &C(DC( + [\\(  F`*  \IJ\PD CPP\^\ + 	 g-g- 7 hi
 ;

;
<< a 
;k ;
b

a
 ; 
j a 
; e

G (ZH\`IZJ* C] &C(DC( +  C*FP CPPCF*  E \D]C`D @ \ CPP\^\ + SU: 7
599.07 hi
* ; V
 a
c ;V ; V
""

a
 ;

;
+
!



a
 ; W
""!

"$
G (ZH\`IZJ* C] &C[ZIH ZPP\ + 	 g54f422.7 i .- M5/07 h,
d
;

; 
 
 )O ZPP G (ZH\`IZJ*+  g- M9 	.:27 
5../7 T:-::
 ;
 

a
ﬁ ; k
"

!  a
 ; c
j
k
 

" a 
;
" a d
; 
l ! a 
; 
>

a
+
; W
j!=
G (ZH\`IZJ* C]  F()Q\IJ\` +  :- /U .f M.9 7 hi
+
; 
  

a
ﬁ ;
 % a
V ;
< "$a
: ; 
">!"


G (ZH\`IZJ* C]  F`* PF(D + Tg22.S . :9 7  :90 2:- 7 h,
d
; 
  >jj  a
c ; k
j!" a b
;
+
%!"$a
 ; 
= 
G (ZH\`IZJ* C]  FIIF)Q[I\JJI + ,U .9f M7  :ff:/U5f.MMf 7 h,
+
;




!" a
+
;

+
; V
l "

d#"

 a
 ; ;
b "j! a
ﬁ ;ﬁ ; :
" a
c ;V ; 

 FIIF)Q[I\JJI ?(IJZJ[J\ C] \)Q(CPC^*+ T: 94S .7  :ff:/U5f.MMf 7 h,
o 
ﬁ ;k ;
d%

a
c ;
+
; k
" a
ﬁ ;: ; *
l l 
?@ @ + A\BZC(\ DZ  ZPF(C F(D G (ZH\`IZJ KF DZ  ZPF(C +  42:- g7 L M:20
c ;
d   a d
;
d# a
ﬁ ; 
" a
k ;


 a d
; c
"  a
k ;
 l  a
 ; 
  a
W ; W
"  
G (ZH\`IZJ* C]  ZIIZIIZ		 Z + 6 g9 7  4ff4ff4 4 7 h,
c ;
=" a
 ;
 j=" a 
;
d"l  # a
: ; V


#" a
ﬁ ; :
 "<" a
+
; ﬁ
"#$a
 ; 
l l "
G (ZH\`IZJ \ D\  C(J` \FP +  g- M9 	.:27 
5../7 T:-::
V ;
 "#

a
c ;
" " a 
;
 a
+
;

; c


a 
; W
 a 
; e
j"=
 C[(J CP*C
\ CPP\^\ + g5MU  :2.07  :ff:/U5f.MMf 7 h,
b
; )
j! 

a d
; ; 


?@ @ + A\BZC(\ DZ @ F	CPZ F(D G (ZH\`IZJ KF DZ @ F	CPZ + m : g24 7 L M:20
) ;
d   a 
;
  a
 ; c
" " a 
;
j

#  a d
; 
jjj
G (ZH\`IZJ* C] @ CJ`\ 
F \ + m gM9.  : .7 L-4:-: 7 h,
+
;c ;
 !> a
) ;) ;
 % a
) ;c ;
d

a
+
;c ;


"jj a
 ;
b
; 


  a
Y ; ; 
!">!#

F
  ZD^\ @ FJZC(FP &FC`FJC`*   7 + :  4S .7 .--.ff..7 h,
k ; ; 
 l   " a
ﬁ ;V ; 
 l   " a
+

;
a
W ; ; V
" a
+
;

;
b "j=
&&

`IF*+ 9f:07 89:- /.
 ;
 "

a
ﬁ ;
d "

a
 ; 
 a
 ;

c ;
 a
+
;c ; )
>> " a
 ;
  j$

= a
c ;

b
;

j!

" a
 ; W
 a
: ; W


< a
V ; Y
l "
?@ @ + A\BZC(\ DZ 'FDCHF F(D G (ZH\`IZJ KF DZ 'FDCHF + :g: 7 L M:20
k ; 
 d a
c ; c


#

a
c ;
 jj a
ﬁ ; 
  a d
;
j
_ )CP\ 'CP*J\)Q(Z[\ 'FPFZI\F[ + &' @_ + :2:4f.: 57 89:- /.
o  o

;
 "! a
V ;


"# a 
; c
j

a
V ;
 "# a
c ;
"#"
&' @_ D\I G (ZH\`IZJ \I 'F`ZI 6 \J 'F`ZI   + :94f 7 89:- /.
c ;
 "

$

a b
;
 

# a
+
;
d!" a 
; 
 # a d
; 
"  "" a 
; 
" 

 a
+
;k ; V
"

 a X
;
b l 

a 
;
"" a
+
;
$a
+
;


; )
  a 
; e
!

<
?@ @ + A\BZC(\ DZ  ZPF(C F(D G (ZH\`IZJ KF DZ 'FH ZF + :4: 7 L M:20

;k ; c


"# a 
; ﬁ
" a 
; 
> "   a
k ; 
" 
G (ZH\`IZJ* C] '\((I* PHF(ZF + U42:.2U4: 7  .--f0 2:-4: 7 h,

; V
 #

"$
?@ @ + A\BZC(\ DZ ' ZIF + G (ZH\`IZJ KF DZ ' ZIF

F(D A)[CPF @ C` FP\ A[	 \`ZC`\  +
 4f: 7 L M:20
V ;
<





a
 ;
 "

 a
k ;
 a 
;
< 

a
c ;
d>

"   a
k ;
d





a
k ; k
 a
 ; V
l 

 a
c ; V
< a
 ;




a 
; ; c
jj!" a
c ; c
<

 a
V ; ﬁ
 a
V ; W
<<

 a
+
; Y
 !
' `FZ`Z\  Z\  G (ZH\`IZJ*+  9:494. 34.n7 .6:f 7 h,
c ; V
 a
 ;
+
;
+
## a
: ;
j= a
 ; ; Y
<

"
' `Z()\JC( G (ZH\`IZJ*+  94- /.Mg- 7 m .n .9f.07 h,
d
;
  a d
;
 a
: ;W ; c
j



 #
?@ @ + ?(IJZJ[JC A[	 \`ZC`\ DZ AF(ZJ KF +  g : 7 L M:20
d
;

?@ @ + A\BZC(\ DZ C F F(D G (ZH\`IZJ KF &F AF	 Z\(BF +  g : 7 L M:20
k ; k
"

 a
 ;
l 

 a
c ; ; c


 a
 ; c
<

 a
V ;
 "## a
ﬁ ; 


j"
[J^\`I G (ZH\`IZJ*+  5MS .9f 7 m .n .9f.07 h,

;
+
j" a
c ; :
 " = a
ﬁ ;
  

 a 
; 
l "
o  
[JQ\`]C`D 		 P\JC( &FC`FJC`*+ TU42 Mg- 7  4/g M7 hi

; ; 


j"$a
+
; 
% #"  a 
; k


"= a
) ; ; V
"##" a
V ;

; V
> a
ﬁ ;
b   a
+
; ;
 #$a 
;
+
;
""
_ + 
' @ ? + _ AF)PF*+ 
41f 591.MM.7 89:- /.
ﬁ ; 
 "=

a 
;
 "

a
W ;
 <

"" a 
;
<" a
 ;
#" ""

a
 ; V
# a

; V
" a
V ;
b l " #"
c


j!"

  a 
;
+
$a
V ;


#

a
c ; W
 " a
V ;
" a d
; *
"j!" a
c ; e

AQF(^QFZ ?(IJZJ[J\ C] \`F Z)I A? A + U:-SU:4 7 TU4-:
+
;ﬁ ;
+


< a 
;
+
;
  a
 ; ; *


a
e ;Y ; *


G (ZH\`IZJ* C] AC[JQ F`CPZ(F + Tg25 4: 7 g5MU T:9g24-: 7 h,
c ;

;
! a
+
; Y
 

AJF(]C`D & Z(\F`  ))\P\`FJC` \(J\` +  M:- g9 7 T:24g9-4: 7 h,
 ; 


a
ﬁ ;
 "j="


"

#$a
ﬁ ;
 "  a
 ;
  l a d
;
"!"l a
 ;
$= a
ﬁ ;k ;
$j" a
 ;
 << a
k ;
  a
Y ;
<" a
ﬁ ;

; ;
d"  a
 ;
b
;
d%# a
 ;

;
d> a
Y ;
d##j= a b
; 
"

"  " a
+
;c ; 


a
Y ; 


%#" a
W ; k
"<! a
 ; k
"$< a
ﬁ ; V
"! a
W ; V
 

l 

a
V ; V
#"$a
V ;
b   " a
+
;
b "%" a
W ;
b l " a
+
;
b " j! a
Y ; 
" a d
;

;
+
"> a
Y ;

;
+
!



a b
; :
%! a 
; :
"  " a
c ; ; :


< a
+
; :
" a 
; :


 a
Y ;


<"" # a
 ;
"" a
 ;Y ;V ; ;
"! a 
;V ;
 ! a
b
;
$

j! a b
; c
=" a
W ; c


a
ﬁ ; c
" "

a
: ; c
< " a 
; c
 a
 ; c
  " a
c ;
" a
V ;
X$a
c ;
" a b
; ﬂ


a 
;) ; ﬁ
j < a
 ;k ; 
j!<

" a
ﬁ ;
b
; 
j!

# " a
 ; 
!> a d
; 
l >  a
 ; ; 
$#" a
 ;
+
; 
#"l a
+
;
  a
 ; Y
<

" a
 ; Y
  a
ﬁ ; Y


< a
+
;

; Y
!" a
Y ; Y


"% = a
) ; *

	
     
 ﬀ
ﬁﬂ
o p
AJF(]C`D G (ZH\`IZJ*+  M:- g9 7 T:24g9-4: 7 h,

;
j! a
ﬁ ; e
 

$=
 )FD\ ZF AZ(Z)F + :4 .4 7 :4n:-
b
;

* ;
d! a
c ;


;
d! a
 ;

d
;
""
G (ZH\`IZJ* C] \ FI FJ 
FPPFI +  4/U:9fg- 7 .6:f 7 h,
+
;c ; 
"

a 
;

?@ @ + A\BZC(\ DZ C`Z(C F(D G (ZH\`IZJ KF DZ C`Z(C + g94- g7 L M:20
k ;
 

j! a
 ; V
l a
V ; V
# a
 ; ﬁ
l "
?@ @ + A\BZC(\ DZ `Z\IJ\ F(D G (ZH\`IZJ KF DZ `Z\IJ\ + 94.f M.7 L M:20

;
 a
ﬁ ; 
"  
c


 a
V ; 
"  
ﬁ
jj a 
; V
  a 
;


j" a 
;
>
 ?G  + 3:- /g5.9 7
A
94 M4fU Tg25 4: 7 T:-::
ﬁ ;
b "

#"

a
 ; W
#" 
 IZ(^Q[F G (ZH\`IZJ*+
A
.4
R
4-S 7 TU4-:
* ;

; :


< a
ﬁ ;
d
; 
!

< a 
;

; 
! a
+
;
+
; Y


<
F(D\` ZPJ G (ZH\`IZJ*+ m :fU422.7 .-- .ff..7 h,
ﬁ ; ;


 

 a
W ;Y ; ﬁ
""" a 
; ; 
!" #

a
c ; ; Y
""
G (ZH\`IZJ* C]  Z)JC`ZF + 34/Mg94: 7
A
94 M4fU Tg25 4: 7 T:-::
c ; c
j

< # a
 ;
 l 

G (ZH\`IZJ* C]  ZI)C(IZ( +  :4fg- 7 4f /g-f4- 7 h,
b
;ﬁ ;


# a
+
;ﬁ ;
+
!



a
ﬁ ;
 "> a
V ;
b
; e
> j
C`
 G (ZH\`IZJ*+ g9g- Mg7 - M:94g7 T:-::
Y ; k
="

